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Infrared  absorption  spectra  have  been  obtained  for 
matrix-isolated  guanine  and  9-ethylguanine  (a  formal  analogue 
of  the  natural  nucleoside  found  in  DNA  and  RNA)  in  argon  and 
nitrogen  matrices.   Three  other  derivatives,  7-methylguanine , 
the  fixed  oxo-derivative  1 , 7-dimethylguanine ,  and  the  fixed 
amino-derivative  2-N , N-dimethylaminoguanine  have  also  been 
examined.   The  spectra  provided  evidence  of  the  existence  of 
guanine,  9-ethylguanine,  and  2-N , N-dimethylaminoguanine  as 
mixtures  of  their  amino-oxo  and  amino-hydroxy  tautomers , 
although  the  amino-oxo  tautomer  is  the  only  tautomeric  form 
found  in  solution  and  in  the  solid  state.   The  effect  of 
substituents  (methylation  at  the  N(7)-  or  the  N ( 9 ) -posi t ion ) 
was  clearly  established  through  the  comparison  of  the 
infrared  spectra  of  7-methylguanine  to  that  of  9-ethyl- 
guanine.  While  both  the  amino-oxo  and  the  amino-hydroxy 

X 


forms  were  detected  for  9-ethylguanlne  only  the  amlno-oxo 
form  was  detected  for  7-methylguanine .   The  stabilization  of 
the  hydroxy  form  by  intramolecular  hydrogen-bonding  between 
the  0-H  and  the  lone  pair  of  the  nitrogen  at  the  N(7)- 
posltion  was  postulated. 

The  significance  of  these  results  are  evaluated  in 
relation  to  the  types  of  tautomers  found  in  natural  nucleic 
acids  and  to  the  concept  of  spontaneous  an  induced  mutations 
caused  by  mispairing  of  the  nucleic  acid  bases. 
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CHAPTER  I 
INTRODUCTION 


Statement  of  the  Probl 


em 


The  purpose  of  this  study  is  to  present  experimental  data 
on  the  tautomerlsm  of  guanine,  particularly  of  nucleic  acid 
analogue  9-ethylguanine  and  some  other  derivatives. 
Considerable  attempts  have  been  made  in  an  effort  to 
understand  the  phenomenon  of  tautomerism,  not  only  in 
relation  to  quantitative  concepts  of  chemical  binding  and 
structure-activity  relationships  in  organic  and  physical 
chemistry  (1-4),  but  also  in  relation  to  spontaneous 
mutations  as  a  consequence  of  mispairlng  by  rare  tautomeric 
forms  of  purines  and  pyrimidines  (4-7),  or  in  relation  to 
enzyme-substrate  interactions  (8).   Such  tautomerism  is  also 
of  major  significance  in  the  structure  of  nucleic  acids  and 
is  of  current  additional  importance  in  relation  to  anti- 
metabolic  (including  antitumor  and  antiviral)  activities  of 
nucleoside  and  nucleotide  analogues  (9-13).   Recent 
developments,  including  the  ability  to  evaluate  tautomeric 
equilibria  for  nitrogen  heterocycles  in  the  gas  phase  (14- 
16),  as  well  as  inlow-temperature  matrices  (14,15,17-29), 


provide  for  the  first  time  data  for  valid  comparisons  with 

theoretical  calculations.   They  also  furnished  a  solid 

foundation  for  quantitatively  evaluating  the  effect  of  the 

environment  on  tautomeric  equilibria  (30). 

Purines  and  Pyrimidines:   Natural  Occurrence  and  Biological 
Importance 


Purines  and  pyrimidines  are  major  chemical  constituents 
of  living  cells  and  occur  primarily  as  components  of 
polymerized  nucleotides  (nucleic  acids),  and  to  a  much  lesser 
extent  in  the  form  of  "free"  (that  is  unassociated ) 
nucleotides  (10,11,31).   Free  nucleosides  and  bases  usually 
represent  a  very  small  fraction  of  the  total  purine  and 
pyrimidine  content  of  living  cells  (9-11).   However,  there 
are  exceptions  to  this  generalization,  such  as  the  occurrence 
of  substantial  amounts  of  theophi 1 1 ine ,  theobromine,  and 
caffeine  in  some  plant  tissues  (9,10),  and  the  occurrence  of 
the  arabinoside  of  thymine  and  uracil  in  the  Caribbean 
sponge,  Cryptotethia  crypta  (10). 

Other  purine  and  simple  purine  derivatives  that  abound 
in  nature  are  mainly  of  the  oxo  and  amino  type.   Perhaps  the 
most  widespread  are  related  to  adenine.   Adenine  occurs  in 
the  free  form,  for  example,  in  human  urine  along  with 
xanthine  (and  its  methylated  forms)  and  hypoxanthine ,  in 
human  feces  together  with  hypoxanthine,  xanthine,  and 
guanine,  and  with  guanine  in  cow's  milk  (9,10).   It  is  also 
found  as  the  free  base  in  many  plants  (10). 


When  nucleic  acids  are  subjected  to  complete  chemical 
hydrolisls,  there  are  obtained,  ideally,  mixtures  containing 
one  mole  of  phosphate,  one  mole  of  sugar,  and  one  mole  of  a 
mixture  of  heterocyclic  bases  (11).   If  the  chemical 
hydrolysis  is  performed  under  milder  conditions  or  by 
enzymatic  means,  and  equimolar  mixture  of  nucleosides  or  the 
corresponding  set  of  nucleotides  is  obtained  (11). 
Nucleotides  are  the  true  monomeric  units  of  the  nucleic  acids 
(See  Figure  1 ) . 

The  bases  found  in  nucleic  acids  are  either  pyrimidines 
or  purines.   In  DNA  the  common  bases  are  the  pyrimidines 
thymine  (T)  and  cytoslne  (C)  and  the  purines  adenine  (A)  and 
guanine  (G).   Some  methylcytosine  occurs  occasionally, 
especially  in  the  DNA  of  higher  plants  (e.g.,  wheat  germ)  and 
certain  bacteria;  6-methylaminopur ine  Is  a  minor  constituent 
of  DNA  of  bacterial  viruses  (bacteriophages);  and  uracil  and 
5-hydroxymethyluracil  have  been  reported  as  occurlng  in 
certain  bacteriophage  DNA  (9,11).   A  particular  class  of 
bacteriophages,  the  so-called  T-even  phages  of  "Escherichia 
coll",  contains  5-hydroxymethyl cy tosine  in  place  of  cytoslne 
(9,11).   The  structure  of  these  bases  is  shown  in  Figure  2. 

Most  RNAs  also  contain  only  four  bases:   the  purines 
adenine  (A)  and  guanine  (G)  and  the  pyrimidines  uracil  (U) 
and  cytoslne  (C)  (9,11).   m  some  RNAs,  hypoxanthine  and 
various  methylated  bases,  such  as  thymine,  5-methylcytos ine , 
6-methylamlnopurine  (and  its  6 , 6-dimethy-der i vati ve ) ,  as  well 
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Figure  1.  A  Random  Segment  of  a  Nucleic  Acid  and  Its  Constiuent  Parts. 
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Figure  2.  Structure  of  Common  Pyrimidines  and  Purines:   (1)  Pyrimidine 
(2)  Uracil,  (3)  Thymine,  (4)  Cytosine,  (5)  Halogenated  Uracil 
(X-F,  Br,  I),  (6)  Orotic  Acid,  (7)  5-methylcytosine,  (8)  5- 
hydroxymethyl cytosine,  (9)  Purine,  (10)  Adenine,  (11)  Guanine, 
(12)  6-methylamino-  and  6,6-dimethylaminopurine,  (13)  2-methyl- 
ammo-  and  2,2-dimethylamino-6-hydroxypurine,  (14)  8-aza- 
guanine,  (15)  Hypoxanthine ,  (16)  Xanthine,  (17)  Uric  Acid 
(18)  Caffeine,  (19)  Theobromine. 


as  dihydrouracll  and  some  others,  replace  some  of  the  normal 
constituents  (11).   The  methylated  bases  in  RNA  and  DNA 
appear  to  be  formed  as  a  result  of  methylation  of  intact 
polymeric  nucleic  acids  rather  than  of  component  monomeric 
units  (11). 

The  unique  structures  and  properties  of  nucleic  acids 
are  due  largely  to  specific  interactions  among  purine  and 
pyrimidine  bases.   These  interactions  appear  to  be  primarily 
of  two  types:   hydrogen-bonding  and  base  stacking.   With 
exceptions,  deoxyribonucleic  acid  (DNA),  usually  forms  a 
perfect  double-helix  composed  of  two  individual  right-handed 
helices  (11,13).   The  structure  is  that  of  the  bases  in  one 
chain  paired  with  the  complementary  bases  in  the  other  chain 
(see  Figure  3).   Guanlne-cy tosine  and  adenine-thymine  (or 
uracil  in  RNA)  are  the  standard  complementary  or  Watson-Crick 
pairs  (32  ,  33) . 

The  base  pairs  are  determined  by  hydrogen  bonds  between 
certain  atoms  in  each  base  (see  Figure  4).   These  bonds  are 
strongly  responsible  for  the  replication  and  transfer  of 
information  from  the  helix.   However,  an  energetically  more 
important  role  is  played  by  the  water  repulsion  of  internally 
stacked  bases,  which  are  hydrophobic  compared  to  the  exposed 
hydrophilic  phosphate  backbone.   The  nonpolar  stacking  of 
bases  creates  mutually  attracting  van  der  Waals  (or  London) 
and  electrostatic  forces  which  stabilize  the  helix  (34). 
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Figure  3.     Double-Helical  Structures  for  DNA,   RNA,   and  DNA/RNA  Hybrids. 
From  Reference  35. 


Figure  4.  Watson-Crick  Base  Pairing  Scheme. 


DNA  in  aqueous  solution  is  therefore  a  rigid  and  thermo- 
dynamically  stable  molecule  that  never  breaks  apart,  except 
reversibly  for  a  few  terminal  nucleotides  (11,34,35).   The 
higher  the  proportion  of  guanine-cy tosine  pairs,  the  more 
stable  the  molecule. 

It  is  now  well  established  that  the  genetic  code  of 
living  organism  is  contained  in  the  nucleic  acids  (DNA  and 
RNA)  as  a  linear  sequence  of  four  different  bases:   adenine 
(A),  guanine  (G),  cytosine  (C),  and  thymine  (T)  in  DNA  or 
uracil  (U)  in  RNA  (11).   Although  these  bases  can  potentially 
exit  in  various  tautomeric  forms,  in  fact  it  is  generally 
accepted  that  they  do  exist  in  one  stable  structure 
characteristic  for  each  base  and  constitute  specific  purine- 
pyrimldine  pairs  in  the  DNA  helix.   However,  the  possible 
appearance  of  DNA  bases  in  their  unusual  tautomeric  forms  can 
Increase  the  probability  of  mispairing  of  the  pyrimidines  and 
purines  and  hence  may  lead  to  mutations  (4-7). 
IJlje_Pri»cipal  Types  of  Tautomerism  in  Heteroatomic  Compounds 

The  prototropic  tautomerism  of  heteroatomic  compounds 
comprises  all  the  cases  where  a  mobile  atom  can  move  from  one 
site  to  another  in  a  heteroatomic  molecule  (3).   The  most 
common  type  involves  the  movement  of  a  proton  between  a 
cyclic  atom  and  a  substituent  atom  directly  connected  to  the 
ring.   A  classification  of  the  possible  types  of  tautomerism 
is  shown  in  Figure  5  and  Table  I.   The  top  row  in  Figure  5 
shows  the  various  sites  available;   (A)  a  cyclic  sp^- 
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TABLE  I 
Principal  Types  of  Tautomerism  in  Heteroatomic  Compounds 

A.   Annular  nitrogen  and  an  atom  adjacent  to  the  ring^ 

C=X  [  C-XH 

^^N^  ; ^>       \// 

I  < 

H 


3.   Annular  carbon  and  an  atom  adjacent  to  the  ri 


ng 


< ^ 

R    H  R 


C.   Two  atoms  adjacent  to  the  rinc^ 


Y  YH 

''  "C  .---'c 

/    »  /   n 

\    CH      < v^    CH 

c  ->     c 


XH  X 

D.   Two  annular  nitrogen  atoms. 


/    N  •' '  -^  N 

'     II        \    /     1 


CH  >        \  CH 

XT  ^ ^-"^   -^ 

H 
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TABLE  I-continued 
E.   Two  annular  carbon  atoms. 


c-/  c=c 

^0  H     0^ 


F.   Annular  carbon  and  nitrogen  atoms 


C C.x  C=C, 

//  ^     >    /      \  / 

\  /^       < —   'X  //'\ 

^W  N      H 

\ 


G.   Rearrangements. 


//  \  /   %  ^>  //  ^  /   % 

c   c   c  < c  c   c 

I   II   I          I  II  I 

Y N    X  Y    N X 

I  I 

H  H 


H.   Ring-chain  tautomerism. 


'    S    C  =  NH   7 -^    I    II 

c .  c  /     ^      c   c 

C    S  C    SH 


From  reference  3 
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Figure  5   Classification  of  possible  types  of  tautomerism 
in  neutral  heteroatomic  molecules. 
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hybridized  nitrogen;  (B)  an  sp^-hybridized  ring  carbon;  and 
(C)  and  sp2-hybrldized  atom  directly  attached  to  a  ring 
nitrogen.   The  lower  row  of  figures  in  Figure  5  shows  the 
corresponding  potential  sites  from  which  a  proton  can  be 
removed.   Any  heteroatomic  molecule  which  contains  at  least 
one  site  of  the  type  shown  in  the  lower  row  together  with  one 
of  the  types  shown  in  the  upper  row  is  capable  of  tautomerism 
(3). 
The  Importance  of  Tautomerism  in  Nucleic  Acid  Bases 

A  number  of  chemical  alterations  of  DNA  may  lead  to 
its  loss  or  change  of  function  (36).   The  list  includes  such 
obvious  changes  as  backbone  breakage  or  cross-linking  of  the 
two  chains,  which  prevents  them  from  separating  for 
replication  purposes.   Less  severe  chemical  changes,  such  as 
base  alterations,  may  also  block  the  action  of  the  enzymes 
that  copy  DNA  sequences  into  a  new  DNA  or  RNA  bonding  pattern 
so  that  it  pairs  with  a  substance  other  than  its  normal 
Watson-Crick  partner  (11,36).   Other  types  of  changes  may 
lead  to  frameshift  mutations,  with  more  drastic  alterations  n 
protein  sequence,  or  to  large  deletions,  with  loss  of  genetic 
information  (11,36). 

Genetic  information  may  be  defined  as  that  primarily 
required  to  assemble  a  protein,  hence  ultimately  required  to 
perpetuate  biological  orders.   It  is  well  known  that  the 
accuracy  of  the  transfer  of  genetic  information  during  DNA 
replication  and  RNA  transcription  for  protein  systhesis 
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relies  on  the  unique  base  pairing  of  the  complementary 
nucleic  acid  bases  (33,34).   The  specificity  of  the  bonding 
concerns  both  this  exclusi veness  and  the  steric  arrangement 
which  Is  depicted  in  Figure  4.   It  is  easy  to  see  that  the 
existence  of  the  complementary  pairing  necessitates  the 
simultaneous  presence  of  the  bases  in  definite  tautomeric 
forms,  namely  oxo  and  amino  forms,  and  it  is  only  with  such 
complementary  forms  that  the  appropiate  hydrogen  bonds  may  be 
formed . 

Considering  only  the  possible  H-bonds  in  the  specific 
positions  of  the  bases,  one  obtains  the  following  proton- 
electron  pair  code  for  the  four  bases  involved,  which 
immediately  Indicates  A-T,  and  G-C  as  the  only  possible 
combinat  ion : 


H 


Associated  with  these  scheme  is,  however,  the 
observation  that  If  a  base  happens  to  exits  in  one  of  its 
rare  tautomeric  forms;  Imlno  for  adenine  and  cytosine  and/or 
hydroxy  for  guanine  and  thymine  (denoted  by  A*,  C* ,  G*,  and 
T*,  respectively)  this  could  lead  to  mlspairing  of  the  bases 
(4-7).   Thus  the  short-hand  proton-electron  pair  codes  would 
then  be  modified  as  follows: 
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G* 


Therefore  cytosine  in  its  imino  form  would  be  able  to  H-bond 
to  adenine  in  its  amino  form  (and  vice  versa)  and  guanine  in 
its  hydroxy  form  would  couple  with  thymine  in  its  oxo  form 
{ and  vice  versa): 


C* 


G* 


H: 
H   :    A 


H 


H 


As  a  result  of  such  miscoupllng,  the  original  order  of  the 
arrangement  of  successive  base  pairs  along  the  axis  of  the 
nucleic  acid  would  be  modified  and  the  modification 
perpetuated  during  DNA  replication.   The  order  of  the 
complementary  base  pairs  along  the  axis  of  DNA  being  most 
probably  responsible  for  the  genetic  code,  any  perturbation 
to  this  order  represents  by  definition  a  mutation  (36). 
Effect  of  Environment  on  Tautomeric  Equilibria 

The  influence  of  molecular  environment  on  tautomerism  in 
purines  and  pyrimidines  is  directly  revelant  to  the  role  of 
these  heterocyclic  compounds  in  nucleic  acid  structure  and 
function.   The  nucleic  acid  bases  exist,  under  physiological 
conditions,  in  aqueous  media.   However,  following 
incorporation  into  nucleic  acids,  they  are  frequently  in  the 
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aprotic  environment  prevailing  in  the  interior  of  the  double- 
helical  structure.   The  striking  role  of  the  molecular 
environment  on  tautomeric  equilibria  has  been  well  documented 
(1,3,37-49).   In  particular  it  has  been  shown  that  the  vapor 
phase  protomeric  equilibrium  constants  for  oxo-  and  mercapto- 
pyridlnes  (41-44,47,49),  and  pyrimidines  (41,45,49),  may 
differ  from  the  corresponding  equilibrium  constants  for  such 


systems  in  solution  by  factors  of  the  order  of  10^ 


10' 


Apart  from  gas  phase  studies,  solvent  and  association 
effects  may  also  be  minimized  in  low-temperature  matrices 
consisting  of  argon  and  other  relatively  inert  gases  (12,30). 
These  matrix-isolation  studies  are  of  relevance  in  the 
analysis  of  the  effects  of  weakly  interacting  aprotic 
environment  on  the  tautomeric  equilibria,  thus  bridging  the 
gap  between  data  for  the  gas  phase  and  for  polar  solvents. 
It  should  be  noted  that  information  about  such  equilibria  in 
polar  solvents  is  somewhat  limited  due  primarily  to 
solubility  considerations. 

Another  additional  advantage  of  the  infrared  matrix- 
isolation  technique  is  that  absorption  bands  of  the  isolated 
species  are  fairly  sharp,  thus  allowing  resolution  of  bands 
with  small  frequency  differences  which  usually  overlap  in 
solution  and  in  the  vapor  phase  (see  section  on  Matrix- 
Isolation  discussed  later).   Infrared  spectroscopy,  which 
permits  direct  observation  of  C=0,  0-H,  and  N-H  absorption 
bands  involved  in  oxo-hydroxy  tautomerlsm,  have  been  shown  to 
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provide  results  more  reliable  than  those  obtained  by  ultra- 
violet spectroscopy  (14,44,45). 

Infrared  absorption  spectra  have  been  reported  for  4- 
oxo-6-methy 1-  and  2-oxo-4 , 6-dlmethylpyr imldlnes  and  several 
related  derivatives  in  the  gas  phase,  in  low-temperature 
matrices,  and  in  several  liquid  solvents  (14).   All  the  oxo- 
pyrimidines  in  the  gas  phase,  and  4-oxo-6-methylpyr imidine  in 
low-temperature  matrices  were  found  to  exhibit  comparable 
populations  of  the  oxo  and  hydroxy  forms.   By  contrast  the 
hydroxy  tautomers  prevailed  as  the  predominant  form  in  both 
the  gas  phase  and  low-temparature  matrices  in  the  2-oxo- 
pyrimidines  (14).   Both  classes  of  compounds  were  found  to 
exist  predominantly  in  their  oxo  form  in  liquid  solvent 
systems  such  as  toluene,  hexane ,  carbon  tetrachloride  and 
deuterochlorof orm  (14).   Equilibrium  constant  (Kj= [NH/OH] ) 
values  of  2  for  4-oxo-2 , 6-dimethylpyr Imidine  and  1  for  the 
other  4-oxopyr imidlnes  in  the  vapor  phase  were  reported  (14). 
The  same  equilibrium  constants  in  inert  matrices  were  found 
to  vary  slightly  with  the  activity  of  the  matrix  gas  (Ar,  Kr, 
COg,  CgHj^,  CCl^,  CDCI3,  CgHgCHg),  with  the  0x0  tautomer 
favored  in  the  more  active  matrix  (14).   These  results  are 
consistent  with  previous  studies  of  the  effect  of  the  medium 
on  protomeric  equilibria  in  solution:   as  the  polarity  of  the 
medium  increases,  the  more  polar  tautomer  is  stabilized 
relative  to  the  less  polar  tautomer  (47). 


CHAPTER  II 

LITERATURE  REVIEW 

Tautomerism  of  Pyrlmidlne  Bases 

Uracil  (or  thymine,  its  5-methyl  derivative)  can 
exlstln  six  tautomeric  forms  (see  Figure  6).   A  large  amount 
of  experimental  evidence  shows  that  uracil  and  thymine  have 
the  dioxo  (dilactam)  structure  (tautomeric  form  1  in  Figure 
6).   This  form  was  found  in  X-ray  crystal lographic  studies  of 
uracil  (50,51),  and  thymine  (52,53),  and  of  derivatives  of 
these  molecules  (54-63).   Analysis  of  the  infrared  spectra  of 
uracil,  thymine,  their  nucleotides  and  nucleosides,  confirms 
the  predominance  of  tautomeric  form  1  (see  Figure  6)  in  the 
solid  state  as  well  as  in  solution  (64-74).   Raman  spectro- 
scopic studies  confirmed  the  conclusion  from  infrared  spec- 
troscopy by  showing  that  uracil  and  uridine  possess  the  dioxo 
form  (73,75,76).   Several  NMR  and  NQR  studies  performed  in 
search  of  the  predominant  tautomeric  structures  of  uracil  and 
thymine,  their  nucleotides  and  nucleosides,  indicated  that 
the  dioxo  structure  predominates  in  uracil  compounds  in 
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aqueous  and  non-aqueous  solutions  as  well  as  in  the  solid 
state  (77-82). 

The  infrared  absorption  spectra  of  1-subst i tuted  uracils 
in  the  vapor  phase  showed  no  absorption  bands  in  the  hydroxyl 
region  (3700-3500  cm~^)  pointing  to  the  existence  of  these 
derivatives  in  the  dioxo  form  (16).   Infrared  matrix- 
isolation  studies  on  uracil  monomers  (17,19,22,23), 
deuterated-  (23),  and  methylated-  derivatives  of  uracils 
(20,21),  also  could  not  identify  absorption  bands  arising 
from  hydroxyl  group  vibrations,  thus  providing  further 
evidence   pointing  to  the  2,4-dioxo  tautomer  as  the  sole 
species  in  uracil  vapors. 

Compelling  evidence  exists  for  the  predominance  of  the 
amino-oxo  structure  of  cytosine  (tautomeric  form  1  in  Figure 
7)  in  the  solid  state.   X-ray  crystal  analysis  on  cytosine 
(82-85),  its  complexes  with  different  partners  (86-91),  and 
citidine-2 ' , 3-cyclicphosphate  (93),  all  indicated  its 
existence  in  the  amino-oxo  form.   Early  infrared 
spectroscopic  studies  were  inconclusive;   some  were 
considered  to  indicate  that  cytosine  exists  in  the  amino- 
hydroxy  form  3  (see  Figure  7)  in  the  solid  state  (94.95), 
others  that  it  exists  in  the  amino-oxo  form  1  or  2 
(64,65,96).   More  recent  studies  on  cytidine,  5-halo- 
deoxycytidine ,  sodium  cytidllate,  and  polycyt idyl ic  acid  in 
neutral  HgO  or  DgO  solutions  advocate  tautomeric  form  1  for 
the  cytosine  residue  (66-69,  97-102). 
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The  conclusions  from  infrared  spectroscopy  have  been 
confirmed  by  Raman  spectroscopic  studies  on  the  constituent 
bases  of  RNA,  their  nucleosides  and  nucleotides,  and  some 
related  model  compounds  (75,76,97).   The  Raman  spectra  of 
cytosines  rule  out  the  prevalence  of  the  imino  form  6  (see 
Figure  7)  in  aqueous  solution  and  indicate  that  the  neutral 
molecules  have  the  amino-oxo  form  1. 

Indirect  arguments  such  as  comparison  of  pK  values  of 
various  methylated  derivatives  of  cytosine,  have  shown  that 
in  aqueous  solution  the  amino-oxo  form  with  the  hydrogen  at 
the  N(l )-position  (tautomeric  form  1  in  Figure  7)  is  expected 
to  predominate  over  the  amino-oxo  form  with  the  hydrogen  at 
the  N(3)-position  (tautomeric  form  2  in  Figure  7),  and  the 
imino-oxo  form  by  factors  of  800  and  10^  -  10^,  respectively 
(103).   Similar  conclusions  have  been  drawn  from  temperature- 
jump  relaxation  measurements  on  cytosine  and  3-methylcytosine 
in  aqueous  solutions  (104).   The  same  authors  have  concluded 
that  in  non-polar  solvents  the  imino-oxo  tautomer  will 
probably  become  the  most  abundant  tautomeric  form  (104). 

Infrared  matrix-isolation  studies  have  been  conducted  on 
cytosine  (25),  and  its  methylated-  (25,26),  and  deutero- 
derivatives  (25).   From  the  analysis  of  the  characteristic 
frequencies  of  the  C=0,  0-H,  and  N-H  groups  in  these 
compounds,  it  was  found  that  cytosine  molecules  exist  in  an 
equilibrium  of  two  tautomeric  forms  (amino-oxo  and  amino- 
hydroxy)  in  inert  matrices  (25).   Only  the  amino-oxo  form  was 
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found  to  be  present  for  1-methyl cytosine  (25,26),  while  3- 
methylcytoslne  and  1-methyl isocytoslne  exist  mainly  in  their 
Imino-oxo  tautomeric  forms  (26).   Amino-hydroxy  forms  were 
detected  in  the  infrared  spectra  of  matrix-isolated  6-methyl- 
isocytosine  and  N ( 2  ) -monomethy laminoisocy tosine  since  only 
weak  or  no  absorption  bands  were  seen  in  the  carbonyl  region 
(1800-1700  cm~l)  but  absorption  from  the  hydroxy  group  was 
detected  in  the  3570-3560  cm"^  (0-H  stretch)  region  (26). 
Tautomerism  of  Purine  Bases 

Because  of  the  multiplicity  of  possslble  forms,  the 
tautomerism  of  purines  offers  a  challenging  field  of 
investigation.   The  following  principal  types  of  tautomeric 
transformations  liable  to  occur  in  the  most  significant  group 
of  purines,  namely  those  of  biological  interest  can  be 
considered: 

1.  The  prototropic  tautomerism  corresponding  to 
the  displacement  of  the  proton  among  the  four 
available  ring  nitrogens  (see  Figure  8). 

2.  The  amino-imino  tautomerism,  liable  to  occur 
in  aminopurines  which  may  be  illustrated  in  the 
particular  case  of  adenine  (see  Figure  9). 

3.  The  oxo-hydroxy  tautomerism  of  oxopurines, 
illustrated  for  example  by  hypoxanthine  (see 
Figure  10) . 

The  crystal  structure  of  purine  has  been  obtained  (105). 
A  difference  map  enabled  observation  of  the  position  of  the 


24 


11     t') 


H 
/ 


N- 


N 


// 


(2) 


H 


\ 


•N' 


(3) 


(4) 


Figure  8.  Tautomeric  Forms  of  Purine. 
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Figiire  9.  Amini-Imine  Tautomerism  in  Adenine. 
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Figure  10.  Oxo-Hydroxy  Tautomerism  in  Hypoxanthine. 
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hydrogen  atoms  and  in  particular  showed  that  a  hydrogen  is 
bonded  to  the  N(7)  atom. 

The  dipole  moments  of  6-methylthlopurine  and  of  its  7- 
and  9-methyl-  derivatives  in  dioxane  allowed  the  calculation 
of  equilibrium  constants  for  the  N(7)  <--->  N(9)  tautomerism 
(106).   Provided  that  contributions  from  the  N(l)-H  and  N(3)- 
H  and  are  neglected,  K^  values  (K^  =  [N ( 9 ) -H/N ( 7 ) -H] )  of  1.5 
to  2.0  in  favor  of  the  N(9)-H  tautomers,  have  been  reported 
for  these  compounds  in  dioxane  solutions  (106).   The 
tautomerism  of  all  the  possible  mono-  and  bis-methylthio- 
purines  and  2  ,  6  ,  8-tr imethyl thiopur ines  has  also  been 
investigated.   All  appeared  to  exist  as  mixtures  of  the  N(7)- 
H  and  N(9)-H  tautomeric  forms  based  on  UV ,  mass  spectral  and 
dipole  moment  evidence ( 107  )  . 

Comparison  of  the  carbon-13  chemical  shifts  for  anion 
formation  by  benzimidazole  and  purine  in  aqueous  solution 
allowed  a  calculation  of  K^  =  [N ( 9 ) -H/N ( 7 ) -H]  close  to  1 
(108).   The  method  utilized  in  this  calculation  used  the 
chemical  shifts  of  the  C(4)  and  C(5)  atoms  and  assumed  that 
the  total  effect  arising  from  protonatlon  of  the  anion  is  the 
same  for  benzimidazole  (for  which  K^  =  l.O  as  required  by  the 
symmetry)  as  for  purine. 

The  infrared  spectrum  of  isolated  purine  molecules  in  an 
argon  matrix  exhibits  two  strong  bands  in  the  N-H  region  at 
3481  and  3492  cm"!  (25).   The  appearance  of  a  doublet  was 
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interpreted  as  proof  of  the  simultaneous  presence  of  both  the 
N{7)-H  and  N(9)-H  tautomeric  forms  in  the  matrix. 

Many  crystal  structures  of  9-substi tuted  adenines 
confirm  the  6-amino  structure  (109-115).   Similar  results 
were  obtained  form  X-ray  analysis  of  some  nucleosides  (116- 
21).   These  results  are  in  agreement  with  the  presence  of 
absorption  bands  arising  from  NHg  bending  modes  in  the 
infrared  spectra  of  adenines  in  the  solid  state  (102,122- 
124)  . 

Comparison  of  the  ultraviolet  (in  aqueous  solution)  and 
infrared  (KBr)  spectra  of  3-methyladenine  to  that  of  its  N,N- 
dimethylamino-analogue,  provided  evidence  of  its  amino 
structure  (125).   This  conclusion  is  supported  by  the  pK 
values  (in  95%  ethanol)  of  various  substituted  adenines 
(126). 

A  study  of  the  basicity  of  analogues  methylated  at 
positions  which  prevented  tautomer ization  confirmed  that  the 
amino  tautomer  of  adenosine  predominates  over  the  imino  form 
(127).   The  authors  of  this  study  attributed  the  increased 
stability  of  the  amino  forms  to  the  greater  delocal ization 
energy  of  those  tautomers  because  of  the  Kekule-type 
resonance  in  the  pyrimidine  ring. 

The  Infrared  spectrum  of  matrix-isolated  9-methyladenine 
exhibits  two  strong  bands  in  the  N-H  region  (3600-3400  cm^^) 
that  were  assigned  to  the  asymmetric  (3557  cm~^)  and 
symmetric  (3440  cm^l)  stretching  vibrations  of  the  amino 
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group  (27).   Three  groups  of  doublet  bands  were  observed  In 
the  same  region  for  matrix- 1 solated  adenine  (27).   The 
doublet  at  3497  and  3488  cm"!  were  assigned  to  the  stretching 
vibration  of  the  N-H  group  In  the  Imidazole  ring  since  no 
absorption  were  detected  in  this  region  in  the  Infrared 
spectrum  of  9-methyladenine  Isolated  in  an  argon  matrix  (27). 
The  band  splitting  was  attributed  to  the  simultaneous 
presence  of  both  the  N(7)-H  and  N(9)-H  tautomers  in  the 
matrix.   The  splitting  of  the  asymmetric  and  symmetric 
stretching  vibrations  of  the  amino  group  was  also  related  to 
the  simultaneous  existence  of  both  tautomers  in  the  matrix 
(27).   A  comparison  of  the  infrared  spectrum  of  9-methyl- 
adenine in  the  vapor  phase  and  in  CDCI3  solutions  also 
pointed  towards  the  predominance  of  the  amino  tautomer  (16). 

Experimental  evidence,  mainly  infrared  data,  has  been 
Interpreted  as  proof  that  the  three  Isomeric,  2-,  6-,  and  8- 
oxopurlnes,  all  exist  in  the  solid  state  and  chloroform 
solutions  in  the  0x0  form  (128-130).   These  compounds  were 
found  to  exhibit  a  characteristic  C=0  stretching  vibration 
(near  1670  cm"l  in  the  2-  and  6-oxopur ines ,  and  near  1740  cm" 

In  the  8-0x0  isomer)  but  no  band  which  could  be  attributed 
as  arising  from  an  0-H  group  was  reported  (128). 

Among  the  polyoxopur ines  the  attention  has  been  centered 
essentially  on  xanthine  (and  some  methylated  derivatives). 
It  has  been  reported  that  xanthines,  in  distinction  to  the 
majority  of  purine  compounds  which  exist  primarily  as 
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derivatives  of  their  N(9)-H  form,  exist  essentially  as 
derivatives  of  their  N(7)-H  form  (131-133).   The  dioxo 
structures  of  xanthine  (134)  and  theophilline  (130,135)  have 
been  established  by  X-ray  analysis.   Dipole  moment  and  ultra- 
violet maxima  experimental  data  obtained  from  various 
methylxanthines,  in  which  an  extra  decy 1 thio-group  was  added 
at  the  8-position  to  make  these  compounds  more  soluble,  added 
proof  of  the  predominance  of  the  dioxo  form  in  solution 
(136,137).   Because  of  the  presence  of  a  carbonyl  and  an 
amino  group,  in  addition  to  the  possibility  for  the  imidazole 
hydrogen  to  move  between  the  N(7)-  and  N ( 9 ) -positions ,  the 
molecules  of  guanine  offer  numerous  and  complex  possibilities 
of  tautomerization  (see  Figure  17  in  Chapter  IV).   In  the 
solid  state,  however,  only  amino-oxo  tautomers  have  been 
identified  by  X-ray  analysis  (138),  infrared  (65,102,139)  and 
Raman  spectroscopy  (139). 

The  infrared  spectra  of  guanine  in  DgO  solutions  led  the 
authors  to  conclude  that  the  oxo  form  predominated  in  the 
oxo-hydroxy  equilibria  in  guanine  (140).   The  conclusion  was 
based  on  the  presence  of  a  carbonyl  band  at  1665  cm"!  in  the 
spectra  of  guanine  which  is  absent  in  the  infrared  spectra  of 
9-rlbosil-2-amino-6-methoxypurine.   The  presence  of  a 
carbonyl  band  does  not,  however,  rule  out  the  existence  of 
other  tautomeric  forms  in  equilibrium  with  the  oxo- tautomers . 
It  has  been  shown  that  low-temperature  spectroscopy  in 
solidified  rare  gas  matrices  is  efficient  in  studying 
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structures  of  isolated  molecules  (see  section  on  Matrix- 
Isolation).   Such  studies  have  been  conducted  on  guanine  and 
9-methylguanine  isolated  in  argon  (28,29)  and  nitrogen  (28) 
matrices.   Both  studies  suggested  the  simultaneous  presence 
of  amino-oxo  and  amino-hydroxy  forms  in  the  matrices. 
Equilibrium  constant  values  [K  =  I(OH)/I(NH)]  of  1.35  for  9- 
methylguanine  in  an  argon  matrix  and  (K  =[H]/[OH])  5.9  for 
the  same  compound  in  a  nitrogen  matrix  have  been  reported 
(28)  . 


CHAPTER  III 
EXPERIMENTAL  SECTION 

Matrix-Isolation:  Advantages  and  Disadvantages 

Matrix-isolation  is  a  technique  for  trapping  isolated 
molecules  of  the  species  of  interest  in  a  large  excess  of  an 
inert  material  by  rapid  condensation  at  a  low  temperature  so 
that  the  diluent  forms  a  rigid  matrix.  if  the  temperature  is 
low  enough,  diffusion  of  the  solute  species  is  prevented  and 
thus  isolated  molecular  complexes  or  reactive  species  may  be 
stabilized  for  spectroscopic  examination. 

In  a  simple  way  one  can  think  of  the  solute  species 
existing  as  isolated  molecules  at  low  temperatures.   This  is 
so  because  little  interaction  between  the  "inert"  matrix 
"cage"  material  (M)  and  the  trapped  solute  (S)  is  expected. 
In  this  circumtance,  the  matrix  environment  will  have  a  very 
small  Influence  on  Intramolecular  processes  of  the  solute. 
This  "cold  gas  model"  predicts  that  the  spectrum  of  the 
solute  in  low-temperature  matrices  will  be  very  similar  to 
that  obtained  for  the  free  solute  species  (141). 

Apart  from  the  stabilization  of  reactive  species,  infra- 
red matrix-isolation  affords  a  number  of  other  advantages 
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over  more  conventional  spectroscopic  techniques.   The 
Isolation  of  monomeric  solute  molecules  in  an  Inert 
environment  reduces  Intermolecul ar  Interactions,  resulting  In 
a  sharpening  of  the  solute  absorption  bands  as  compared  to 
other  condensed  phases.   This  effect  Is,  of  course, 
particularly  dramatic  for  H-bondlng  substances.   With  the 
exception  of  a  few  small  molecules  such  as  HF ,  HCl ,  HBr,NH 
and  HgO,  rotation  does  not  occur  in  matrices  (142).  This 
results  in  much  narrower  bands  that  the  vibrational- 
rotational  bands  observed  In  gas  phase  spectra. 
Consequently,  nearly  degenerate  bands  which  overlap 
completely  even  In  the  vapor  phase  or  in  dilute  solutions  at 
room  temperature,  may  often  be  resolved  in  matrix  spectra. 
The  resolution  of  nearly  degenerate  fundamentals  allows  the 
vibrational  assignments  to  be  made  with  greater  confidence 
and  frequencies  to  be  obtained  more  accurately.   Infrared 
matrix-isolation  has  also  shown  a  great  potential  as  a  tool 
for  studying  conformational  tautomerism  (143),  where  there 
may  be  only  small  differences  between  the  vibrational  spectra 
of  two  conf ormers  . 

The  salient  features  of  matrix-isolation  experiments  are 
then  fourfold: 

1.   The  low  concentration  of  the  trapped  species 
minimizes  the  chance  of  nearest-neighbor 
interactions . 
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2.  The  use  of  an  inert  host  minimizes  the 
perturbation  of  the  trapped  species  by  the 
environment  and  the  resulting  dispersion  of 
energy  levels. 

3.  The  rigidity  of  the  matrix  cage  inhibits 
diffusion  of  the  trapped  species  and  prevents 
rotation  of  all  but  the  smallest  molecules. 

4.  The  low  temperature  minimize  the  thermal 
energy  available  to  the  trapped  species  thus 
preventing  chemical  dissociation  and/or 
arrangement . 

Although  the  matrix-isolation  technique  was  developed  to 
inhibit  intermolecular  interactions.  Van  Thiel,  Becker,  and 
Pimentel  demostrated  Its  value  in  studying  hydrogen  bond 
interactions  In  HgO  (144).  and  CH3OH  systems  (145).   Bands 
due  to  monomer,  dimer,  trlmer,  and  higher  multimers  were 
identified  as  the  concentration  of  the  solute  was  increased. 
An  understanding  of  the  various  effects  that  the  matrix 
may  have  on  the  vibrational  spectrum  of  the  solute  is  vital 
to  avoid  misinterpretation  of  the  spectra.   The  most  obvious 
matrix  effect  is  that  the  vibrational  levels  of  the  solute 
molecule  will  be  perturbed  by  the  matrix.   The  vibrational 
frequencies  of  the  absorption  bands  for  solutes  trapped  in 
low-temperature  matrices  exhibit  matrix  shifts,  from  their 
gas  phase  values,  just  as  they  exhibit  solvent  shifts  in  room 
temperature  solution  spectra;   but  these  shifts  are  much 


35 
smaller  (146).   The  same  factors  (  electrostati c  ,  dispersive , 
repulsion,  and  specific  interactions)  contribute  to  both 
(146).   The  high  frequency  stretching  modes  often  shift  to 
lower  frequencies,  while  low  frequency  bending  modes  often 
shift  to  higher  frequencies.   The  most  commonly  used  "inert- 
matrix  materials  are  the  noble  gases  and  nitrogen  (since  they 
have  no  absorption  in  the  infrared)  and  thus  normally  give 
small  frequency  shifts. 

Although  matrix-isolation  spectroscopy  enables  splitting 
of  nearly  degenerate  bands  to  be  observed,  other  small 
splittings  may  be  caused  by  "matrix  effects".   Rotation  or 
libration  of  the  solute  molecules  in  the  matrix  cage,  lifting 
of  degeneracy,  aggregation,  multiple  trapping  sites,  or 
impurities  can  all  cause  doublet  or  multiplet  band  structure 


(141  ,  146)  .   It  is  thus  n 


ecessary  to  consider  carefully 


whether  small  splittings  are  in  fact  arising  from  tautomerism 
of  the  solute  molecules.   The  molecules  used  in  our  study  are 
too  large  to  rotate  under  matrix  conditions,  thus  ruling  out 
rotation  as  the  cause  of  any  band  splitting.   Aggregation  can 
usually  be  eliminated  by  increasing  the  matrix-to-solute 
(M/S)  ratio  until  no  further  changes  are  observed  in  the 
spectrum.   This  will  result  in  the  spectrum  of  the  monomerlc 
species  only. 

Multiple  site  trapping  effects  are  more  troublesome 
since  these  are  normally  independent  of  the  concentration  of 
the  solute.   A  useful  diagnostic  is  that  the  additional  bands 
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can  often  be  removed  by  annealing  the  matrix  to  35-40  K 
(higher  temperatures  may  result  in  destruction  of  the  matrix 
when  argon  is  used  as  the  matrix  gas)  for  a  few  minutes, 
followed  by  recooling  to  base  temperature.   A  more  reliable 
way  of  distinguishing  band  splitting  (due  to  nearly 
degenerate  bands  or  isomerism)  from  the  multiple  trapping 
sites  effects  is  to  vary  the  matrix  material  (141,146).   It 
is  extremely  unlikely  that  similar  alternative  trapping  sites 
could  exist  in  each  of  these  matrix  materials. 

It  is  well  known  that  the  presence  of  nitrogen 
Impurities  in  argon  matrices  may  lead  to  the  appearance  of 
additional  bands  in  the  spectra  of  a  variety  of  solutes 
(141,143,146-149).   The  stronger  solute-matrix  Interaction 
and  lower  symmetry  site  of  the  nitrogen  lattice  causes  modes 
which  are  degenerate  in  an  argon  matrix  to  be  split  In  a 
nitrogen  matrix. 

Inactive  modes  of  the  solute  may  be  induced  by  the 
matrix  environment,  for  example,  the  hydrogen  fundamental  has 
been  observed  in  the  infrared  spectrum  of  matrix-isolated 
hydrogen  (150).   Similarly,  inactive  matrix  vibrations  may  be 
induced  by  the  presence  of  the  solute  molecules.   The 
fundamental  vibration  of  nitrogen  has  been  observed  in  the 
infrared  spectrum  of  cyanogen  isolated  in  a  nitrogen  matrix 
(151). 
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Figure  II.  Vacuum  Shroud  and  Sample  Deposition  Arrangement- 

A-Cold  Finger,  B=CsI  Cold  Window  and  Window  Holder 
C=Sample  Container.  ' 
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Prieparation  of  Low-Temperature  Samples 

Infrared  spectroscopy  of  low-temperature  matrices  Is 
normally  carried  out  using  alkali  halide  windows  in  a  vacuum 
shroud  similar  to  that  shown  in  Figure  11.   The  solid  samples 
were  contained  in  a  resistlvely  heated  Pyrex  furnace  located 
near  the  cold  Csl  window.   Enough  solid  to  cover  one  third  of 
the  sample  container  was  used  in  order  to  prevent  sample 
splattering  during  the  heating  process.   The  Displex  CSA  202A 
(Air  Products  and  Chemicals)  closed  cycled  helium 
refrigeration  system  was  attached  to  the  vacuum  shroud  and 
the  rotary  pump  started  (see  Figure  12).   Pressures  of  at 
least  10-2  torr  were  obtained  (valves  A,  B,  C,  and  F  in 
Figure  12  closed)  before  the  diffusion  pump  was  turned  on  in 
order  to  prevent  oxidation  of  the  diffusion  pump  oil.   Valve 
D  was  closed  and  valve  F  opened  as  soon  as  the  diffusion  pump 
was  turned  on.   The  trap  was  filled  with  liquid  nitrogen  and 
the  pumping  process  allowed  to  continue  overnight.   Pressures 
less  than  lO^^  torr  were  usually  attained  before  the 
temperature  lowering  process  wasstarted. 

The  compressor  for  the  Displex  CSA  202A  refrigeration 
system  was  turned  on  and  the  temperature  of  the  cold  finger 
monitored  with  the  temperature  controller  (Air  Product  and 
Chemicals).   When  the  cold  finger  temperature  neared  100  K, 
valve  E  (see  Figure  12)  was  closed  in  order  to  prevent 
impurity  backflow  from  the  diffusion  pump.   The  cooling 
process  was  continued  for  at  least  half  an  hour  after  the 
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base  temperature  (usually  between  10-20  K)  was  attained  in 
order  not  only  to  ensure  temperature  homogeneity  of  the  cold 
window,  but  also  to  remove  impurities  from  the  system.  Since 
water  can  interact  with  guest  monomers  (through  hydrogen 
bonding),  care  was  taken  on  reducing  and  controlling  its 
presence  in  all  matrices  investigated.   Experimental  evidence 
indicated  that  water  came  mainly  from  the  internal  metal 
(stainless  steel)  walls  of  the 

system  under  vacuum  on  which  its  polar  molecules  are 
stronglyabsorbed.   The  experimental  evidence  consisted  of 

1.  The  absence  of  COg  absorptions  in  the 
Infrared  spectra  of  the  isolated  molecules 
indicated  that  water  did  not  come  in  through  an 
air  leakage  in  the  system. 

2.  The  amount  of  deposited  water  increased  with 
deposition  time,  but  not  with  the  flow  rate  of 
the  matrix  gas . 

3.  Bands  due  to  associated  water  increased  in 
intensity  even  in  the  absence  of  sample 
deposition . 

Another  possible  source  of  impurities  is  the  solid 
sample  itself  (see  Table  II  for  experimental  parameters  and 
source  of  the  compounds  studied).   Since  all  solids  were  used 
without  further  purification,  some  impurities  (mainly  water) 
could  be  deposited  along  with  the  gas  mixture.   To  minimize 
impurities  in  the  final  matrix,  solid  samples  were  subjected 
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TABLE  II 


Experimental  Data  and  Source  of  the  Compounds  Under  Study 


COMPOUND      CURRENT      DEPOSITION      DEPOSITION 
(AMPERES)      TEMPERATURE        TIME 

(°K)  (HRS) 


91G        0.90-1.00        10-20  2-6 


SOURCE 


1.00-1.20        10-20  1-4        SIGMA 


SIGMA 


DMAG       0.50-0.65        10-20  2-5        SIGMA 


7MG        0.35-0.45        10-20  2-5        SIGM 


DMG        0.30-0.35        10-20  2-6        SIGMA 
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to  high  vacuum  sublimation  prior  to  deposition.   This  was 
accomplished  by  heating  the  samples  (inside  the  vacuum 
shroud)  to  a  lower  temperature  than  that  required  for 
deposition  for  15  to  30  minutes.   Continuous  monitoring  of 
the  cold  window  during  this  interval  allowed  the 
determination  of  the  time  at  which  the  deposition  could  be 
started  (i.e.,  no  Impurities  were  detected  in  the  infrared 
spectrum  of  the  cold  Csl  window).   The  heating  unit  was 
turned  off  and  the  sample  allowed  to  cool. 

In  order  to  test  for  sample  decomposition  during  the 
heating  process;   thin  solid  films  were  deposited  (under  the 
same  experimental  conditions  used  for  the  matrices)  and  their 
spectra  recorded  (see  Appendix  A).   These  same  films  were 
annealed  to  room  temperature  ,  cooled  down  to  base 
temperature  and  their  spectra  recorded  again.   These  spectra 
were  compared  to  those  obtained  from  KBr  pellets  of  the  same 
compounds  (see  Appendix  A).   Such  a  comparison  is  depicted  in 
Figure  13  for  9-ethylguanine .   The  infrared  spectra  of  the 
amorphous  film  (10  K)  were  found  to  resemble  those  obtained 
from  concentrated  matrices;   while  those  of  the  annealed 
films  (room  temperature)  resemble  those  obtained  from  KBr 
pellets.   No  sign  of  decomposition  was  detected  through 
spectroscopic  and  visual  examination  of  the  samples. 

The  gas  mixture  was  passed  through  a  coil  in  a  liquid 
nitrogen  trap  before  deposition  and  introduced  through  a 
separate  inlet.   The  matrix  gas  flow  was  initiated  prior  to 
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Figure  13.  Infrared  Spectra  of  9-ethylguanine  in  the  Solid  State  in 
the  3800-1800  and  1800-1400  Wavenumber  Regions,   (a) 
Crystalline  Solid  (KBr  Pellets),  Thin  Film  Annealed  to 
Room  Temperature  and  Recooled  to  Base  Temperature  (10°K), 
(c)  Thin  Film  at  Room  Temperature,  (d)  Disordered  FiM 
at  10°K. 
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Figure  13.— continued 
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ces 


turning  the  furnace  heater  on  and  continued  for  several 
minutes  after  the  heater  had  been  turned  off.   The  matrix 
concentration  was  varied  by  changing  the  flow  rate  of  the 
matrix  gas  (needle  valve  C  in  Figure  12)  at  a  given  furnace 
temperature  (current  reported  in  Table  II),  or  by  changing 
this  latter  parameter  at  a  given  flow  rate.   In  both  cases, 
the  limiting  factor  in  obtaining  sufficiently  dilute  matri 
was  matrix  scattering  which  prevents  guest  absorption  from 
being  observed  distinctly,  especially  the   low  intensity 
bands  in  the  high  frequency  region  of  the  spectrum. 

The  gas  mixture  was  condensed  on  a  Csl  window  (see 
Figure  11)  maintained  at  the  required  low  temperature 
(usually  10-20  K)  by  a  Displex  CSA  202A  closed  cycle  helium 
refrigeration  system.   The  time  required  to  deposit 
sufficient  sample  for  spectroscopic  examination  varied  from 
one  to  six  hours.   Since  the  properties  of  the  cold  surface 
on  which  successive  layers  of  matrix  material  are  deposited 
change  during  deposition,  matrix  inhomogenel ty  can  be 
expected.   in  order  to  avoid  consequent  nearest-neighbor 
interactions  between  sample  molecules  in  the  matrix,  the 
total  amount  of  guest  molecules  in  the  matrix  was  always  kept 
low.   This  was  accomplished  by  ending  the  deposition  (by 
turning  the  furnace  heater  off)  when  the  absorbance  in  the 
more  intense  region  of  the  spectrum  (1750-1700  cm-1)  was 
usually  less  than  1.0. 
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Materials  and  Ecfulpment 

Table  II  summarizes  some  experimental  parameters  and  the 
source  from  which  the  organic  molecules  used  in  this  study 
were  obtained.   Other  inorganic  compounds  and  their  source 
were 

1.  Matrix  gases  (nitrogen  and  argon)  obtained 
from  Matheson  of  the  highest  purity  available. 

2.  Transmission  windows  (KCl  and  KBr)  as  well  as 
the  deposition  (Csl)  windows  purchased  from 
Wilmad  Company. 

3.   Potassium  bromide  used  for  the  KBr  pellets 
obtained  from  Fischer  Scientific  Company  of 
spectral  quality. 
A  schematic  of  the  experimental  set-up  is  shown  in 
Figure  12.   The  Displex  CSA  202A  closed  cycle  helium 
refrigeration  system  (Air  Products  and  Chemicals)  consisted 
of  the  compressor,  flexible  lines,  temperature  controller, 
vacuum  shroud  and  the  Displex.   Temperatures  of  10  K  could  be 
obtained  with  this  apparatus.   The  vacuum  equipment  consisted 
of  an  oil  diffusion  pump  (Varian)  backed  by  a  rotary  pump 
(Alcatel  Vacuum  Products,  Inc.  Model  410-10-304-21).   Vacuum 
pressures  were  measured  with  an  ionization  gauge  controller 
(Granville  Phillips,  Model  270).   The  current  applied  to  the 
solid  samples  was  measured  with  a  multimeter  obtained  from 
Keithley.   A  constant-current  power  supply  was  built  in  our 
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laboratory  by  Dr.  Marian  Szczesnlak  and  used  to  provide  the 

current  needed  by  the  furnace. 

Infrared  absorption  spectra  were  obtained  with  a 
Nlcolet  7199  FT-IR  spectrometer  interfaced  to  a  1180 

computer.  Between  700-1.000  coadded  scans  were  taken  for  the 
matrix-isolated  samples  at  a  1  cm"!  resolution  and  ratioed  to 
200-300  coadded  scans  taken  for  the  background.   Infrared 
absorption  spectra  ofthe  amorphous  solid  samples  deposited  at 
10  K,  their  annealed  films  (to  room  temperature)  and  of 
crystalline  (KBr)  solid  were  obtained  at  4  cm"!  resolution. 


CHAPTER  IV 
RESULTS  AND  DISCUSSION 

-^^^-££-^£M„^.£ectra_jgl_J^^  Guanine  and  DerlvativP. 

Infrared  absorption  spectra  of  guanine  (G),  9-ethyl- 
guanlne  (9EG),  2-N , N-dimethylaminoguanlne  (DMAG),  7-methyl- 
guanine  ( 7MG ) ,  and  1 , 7-dlmethylguanlne  (DMG)  Isolated  in 
argon  and  nitrogen  matrices  In  the  3900-700  cm-^  region  are 
shown  In  Appendix  A.   Some  of  the  possible  tautomeric  forms 
of  these  compounds  are  shown  in  Figures  14  to  18. 

Tables  III  to  VII  summarize  the  observed  frequencies  of 
isolated  samples  of  guanine  and  Its  derivatives  in  argon  and 
nitrogen  matrices.   Included  in  these  tables  are  the  observed 
frequencies  for  amorphous  films  of  these  compounds  deposited 
at  10  K,  as  well  as  those  obtained  from  KBr  pellets  (Infrared 
survey  spectra  in  the  3900-700  cm"!  included  in  Appendix  A). 
The  assignment  of  the  experimental  absorption  bands  in  Tables 
III  to  VII  is  based  upon  the  comparison  of  the  spectra  of 
matrix-isolated  G  with  that  of  its  derivatives  and  with  the 
infrared  spectra  of  matrix-isolated  pyrlmidlnes  (13-26),  and 
purines  (25,27-29),  as  well  as  upon  the  characteristic 
frequencies  for  the  N-H,  0-H,  and  CH3  groups.   The  assignment 


48 


49 


CH 


3\ 


H 


N 

I 
H 


(I) 


HN^^^ 


N 


H 


(2) 


Figure  14.  Tautomeric  Forms  of  1,7 -dime thylgua: 


nine. 


50 


rO 

X 


/ 

X 


?J 


ro 


ro 


JSk 


Z— X 


/ 


AJ 


2— X 


/ 

X 


V 


ro 

X 


/\_    ^ 


/ 

X 


— X 


o-/^.        3 


X  2 

X 


uO 


rO 
X 
o 


/\. 


/ 

X 


ZZ. X 


51 


CH, 


N 

I 
H 

(I) 


CH3\ 


N 


CH3^ 


N 


X' 


CH3  H 


(6) 


H 


CH3\„/^. 


r 


N 


// 


N-^  ^N 


(2) 


<i ^ 


CHj 


I  I 

CH3      H 


I 
H 


(3) 


H\ 


N'        "N- 
CH3 


H 


(5) 
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53 


(I)  0 


> 


(2) 


Hx„>«s 


(3) 


N'-^N 


•4 

> 


"> 


H  H  H 


(6) 


I 

H 


r> 


(5)     "^9 


H 


(4) 


> 


HV^ 


A  ' 


H  H 


(7) 


"Nd 


(12)  0 

11 

(13)  0  H 


(8) 


■'Nd 


(9)         ^  H 


I 
H 


(II)         """0  H 


(10)     "^0 

■-  ")A"> 

H 


aI/> 


I 
H 


Figure  18.     Tautomeric  Forms  of  Guanine. 


54 


(U 

c 

•H 

c 

CO 

D 

ao 

M 

• 

>i   CO 

x: 

4-) 

ij 

CD 

0) 

^ 

e 

iH 

■H 

CD 

1 

CL, 

S-l 

•• 

pq 

1— < 

t^ 

ch 

Td 

O 

C 

CO 

CO 

i-t 

i^ 

j_) 

o 

CJ 

O 

QJ 

r— 1 

CX 

CO 

J-1 

CO 

T3 

d)  t3 

M 

•H 

CO 

rH 

5-1 

O 

'-H 

CO 

C 

1— ( 

CO 

p 

OJ 

o 

-C 

£ 

j-i 

a, 

s-l 

c 

o 

•H 

^ 

CO 

T3 

•\ 

C 

CO 

CO 

QJ 

pq 

O 

■H 

OJ 

5-1 

x: 

J-J 

jj 

CO 

s 

M-l 

O 

C 

CD 

to 

bO 

J-) 

O 

a 

5-1 

0) 

4-J 

cw 

•H 

■a 

CO 

c 

CO 

CO 

<! 

c 

t3 

o 

c 

bO 

CO 

s-l 

<; 

CO 

OJ 

•H 

u 

c 

OJ 

=i 

cr 

OJ 

S-l 

El. 

en 


CO 


CO 


O  Ln- 

O 

O  <r 

CO 

m 

m  cs 

m 

o 


00 
O    C  fs 

1!     -H  ~ 


o  M 


CO 
CO 


b 

c     — 

0)  — 

=1 

3    1 

HH 

O-      S 

-J 

OJ       o 

o 

u      -^ 

■;-) 

CO     o 

m 

w 

00 

o 

C       CM 

o 

u  2: 

CO  Lr> 
en  CNj 


OJ 

CO 


>, 

z 

u 

[J 

CI 

OJ  ^ 

o 

3    1 

OS 

O" 

H 

<u 

M      ^ 

z 

fc. 

ra 
to 


O 
II 
CJ 


> 


OS 

H 


8 


s 
c 

QO 


c 

01   r 

3 
CJ" 


5, 


O 


CO 


55 


0 

3 
c 

•H 

4-1 

c 
o 
a 
I 


3 


X 

H 


O 

o 


03 

H 


S-' 

C       ' — ' 

(U  — ■ 

u 

a   1 

1— ( 

tr    e 

■J 

OJ      u 

o 

U        s--- 

w 

b:. 

J 

>, 

>— I 

o 

Ci. 

0) 

Q 

3 

rr 

J 

O 

u 

UJ 

u. 

u  -o 

M 
•H  S 


Si 
to    CO 

^  -3- 


l-g 


n 

to    01 

j3 

M 

00 

C 

C      P 

•H  •X. 

WtJ 

-3-  -3- 


14 


E   E   a   S    E 

^  \0  *d"  c^  CN 
CO  lr^  vo  <r  CN 
c^  c*^  CN  CN   cn4 


l-l 

CO 

X 

BO 
C 

CO 

IJ  -o 

ki 

•u    C 

^ 

to     01 

fn 

^ 

OO 

cm 

c     m 

00 


CO 

00 


3 
E    E    >    3 


u 

to 

E 

00 

.-s 

CT.  CO 


O  r^  CO  ij^  r-^ 

CO  Li->  o  <r        —I 
rn  <m  CNl  cNj        cs 


OO 


QJ 

u 

■U 

C2 

03 

00 

■H 

t^^ 

m 

C 

m 

•H 

< 

L^ 

CO  m  r-- 

■sD    O    LTl 
LTi   l/^   LTi 


CD  (H 

C  f 

•H  a: 

1-1  u 


>  5  »  »  > 

O  O  u-^  ir^  m 

CNl  o  CO  r^  v£3 

Lr\  u-i  ^  <r  <r 


u 

•a 

u 

u 

T3 

n 

j-i 

J-J 

4-i 

CO 

CO 

05 

1 

1 

e^ 

OO 

00 

00-— N 

c 

n 

c 

c 

m 

C  CO 

4= 
3    3    CO    E 

m  CN  r-<  vo 

u^  <r  rn  r>] 
■^  -3-  <r  <r 


3 
>   E 


to    3 


u-\  o 

ON  On 

c>-)  m 


NO  O  en         \C         O  O 
t^  c^  <r       r— <       cr>  en 

en   CN   CN  CN  rt   r-< 


E    CO    E 


^ 

1 

E 

o  o  <r 
r^  -X)  in 

LTi    Ln   LTl 

tt. 

"■ — 

f— t    ,-.    ^H 

■"   c 

CO     <D 

00 

c     en 
•H  K 


C3D  NO  CN  CN  r^ 

--^  ctn  CO  r-^  NO 

U-N  <T  -3  -3-  -3- 


!•§ 


00 

c 


o  ^o  <r  LTv  CO 

fn  rj  ^H  cr<  CO 
'^  <r  <T  ro  iTo 


■a 

c 

^  0) 

w 

•o 

u  ^ 

■w 

c 

^ 

(H 

c 

I 

OO 

oo^ 

c 

m 

C  00 

E    E 
m  o 

-^   CJN 
CN  —I 


56 


. , 

c    ^ 

GJ  ^-^ 

o 

:?   1 

*^ 

cr     E 

_: 

0)       o 

o 

u     ^ 

o 

CO 


o 

D3 

H 


C      — 


X 


o 
o 


< 


3    I 


u 

j<: 

u  -a 

4-1 

u 

u    C 

cn 

o 

CO     (U 

u 

^ 

oo 

oo 

c 

r>j 

C     r 

u  z     u  o 


o 
o 


% 

cu 

oo 

c 


CO 

o 
cr> 


00 
c 


(no  CO   (U 

CO  oo 

c     cNi  c     cr 

■rt  ~  -H  s; 

Id  Z  1-1  u 


o 


c 

JSl 
M 


o^ 


CO 
CO 


iJ     CJ 

cn   o 

u 

00 

C       CN 


o 
o 


U  T3 
CO    u 

00 

C  _c^ 


o 

o 
o 


o 

IW 

1! 

^H 

•o 

TJ  a 

c 

c 

OJ 

0)  Cm 

^ 

xa   o 

00 

00  -u 

c 

=    3 

o 


00 

c 


CN  CNl 

—I  CO 
cc  r^ 


C      CN 


o 


•a 

J-1    c      cu 

00  00 

C     cn    C 
•H  S       -H 

u  o     u 


i 

C 

CJ   Cm 

^  o 

00  *J 
C  3 
•H  O 
M  — ' 


00 
C 


o  — ■ 

—1  CX) 

CO  .-^ 


cu 

T3 

3 

C 

(U 

XI 

3 

.» 

■o 

c 

3 

OJ 

■H 

Si 

•u 

OJ 

= 

CO 

c 

0) 

. 

> 

s 

>, 

cn 

cn 

> 

.  «^ 

CJ 

CO  > 
U  OJ 
C3     U 

^  -a 

CJ  J2l 

< 
tun 

ca     . 


O    -H 
U     CO 

O.  dJ 


CC    00 

>^       c 


c   cu 
o  -o 


CO  3     CO 

OJ  O  -rt 

■rt  x:  CJ 

4-j  cn  CO 

cn  *    « 

c  ^   o 

(U  CO  cn 

4^ 

c  ..  .- 

•rt  Jt!    oo 
CO    c 

"M  QJ   -H 

0  3  ^ 

CJ 

T3  >^  O 

<0  U     U 

01  0) 

iJ  >       » 

cn  ^ 

c  -  CJ 

HH  3    O 

CO  >    Ij 


57 


> 

I— I 

m 


c 

•H 

c 

•H 
C 
CO 
3 


&0  a; 
M  t— I 

-C    0) 

■Ul    P-i 
O) 

S   ^ 
I    m 

4-1  T3 
O    C 

CO 
-I-J    o 

O  O 

O)    rH 
& 

c/:i  -u 
ca 

O)  T3 
ca  r-i 

u  o 

4-1  en 
c 

M     CO 
CD    O 

u 

C    O 


CO 

C    CO 
CO  cu 

■rH 


o 


CO 


c 

0) 
CO     (30 

o 


c 

0) 
E  -H 

&^ 

•H  T3 

CO   C 

CO     CO 


c 

CO 

CO 
QJ 
•H 

o 


C 
O 
M 


o 
5  -J 

3    I 

a-    s 
u     w 


E 
C 


_] 

>, 

HH 

u 

U, 

c    --^ 

OJ  .— < 

Q 

3     1 

CT    e 

J 

<u     u 

O 

i-l     -^ 

c/^ 

t. 

c 

60 


^ 


CO 

^ 

^ 

U 

1 

CO 

CO 

OJ 

r— 4 

fN 

n-1 

1^: 

z 

iz 

U 

o 


o 
o 


m  o 


O 
& 


F 

&" 

>, 

m   E 

Ifl 

>^ 

CO 

W  m 

OJ 

I— t       CSJ 

«d 

z  z 

1^  CM 

en         fO 


m 

S3 


o 


o 
II 
CJ 


o 

o 

00 


o 

6 


??■ 


0^  r^  cvl  CM 

0^  -:r  f^  CM 
r^  r^  r^  r^ 


T5 
C 

0) 


in 

O 

i?t 

-3- 

so 

v6 

00 

c 


■§■ 


J2 


0) 

fc 

J= 

u 

XJ 

CJ 

CO 

CO 

00 

N 

c 

•rt    O 

y 

1-1     CO 

58 


X) 

i 

■H 

G 
o 

I 

> 


o 

CO 


H 
g 

Z 

w 
o 
o 

H 


OS 

H 


c 

>> 

■H 

o 

-— ' 

c 

.-^ 

o 

Q 

r: 

1 

1— ( 

rr 

F 

GJ 

CJ 

O 

U 

00 

tL. 

^ 

C 

CO 

CI 

X2 

QJ 

H 

™ 

(J 

U 

•0 
c 

0) 

CO 

S 

00 

u  -a 
to  5j 

00 
U  O 


■n 

l: 

OJ 

1-1 

J2 

m 

— 

on 

^^ 

c 

r^ 

C 


00 --N 
C  CO 


U  T3 

4J     C 
CO     GJ 
XJ 
00 

U  G 


c 


Li  x^ 
w  3; 


oo.— . 

C  -H 


— H 

oc 

c 

•H 

< 

1^ 

c     ^ 
3    I 


O 

C     '^ 
0)  A. 
3    I 
cr     s 


0^  CN 


so 

s 

•H 


u  x: 

4-i 

CO  X 


00 '-^ 
C  CO 


u  -a 
*J  5 

XI 
00 

1-1   u 


^  OJ 


C    r-( 
■H  -w 


m  r>* 

o> 

<■  n-i 

o 

u~\ 

cs  ir\  fo  CO  m       CO 

CO  \0  ■<-  CN  r^         CO 

-^  <r  -q-  -T  -T       m 


m  r-i 


oo 


CO  a: 
I 

00^ 

c:  CO 
1-1  o 


"J 

OO 

LI   CJ 


00.^ 

C  >-l 
■H  ^-^ 
LI  Z 


>    > 

O  vO 

a^  CO 


O 

o 


c*si  (v^  _i  r^  ro 

CO  -.O  ^T  CSI  1— I 

<■  <r  -3-  <r  <• 


CO  en 


59 


Q 

3 

cr 

m 

O 

iM 

CO 

b 

i 


o 

C/3 


X 

m 

1— t 

< 

o; 

H 

S 

■A' 

>. 

2 

o 

U 

S 

o 

=2 

5- 

H 

QJ 

H 

>. 

g 

0) 

z 

3 

o 

O" 

o 

0) 

ill 

4-)     u 

(0    0 

m  o 

A 

n 

ao 

00 

c  o 

C      tN 

T3 


OO 
C 


CO  CO 


^ 

OJ 

0) 

•o 

5 

CJ 

J2 

»  -a 

c 

op 

.-   0) 

e  .n 

-H 

3 

i-i 

■H     •- 

-a  OO 

o  c 

E  -H 

•>   CJ 

E    4.) 

OJ 

E 

•  -  u 

OO  -kJ 

CO 

c  to 

r^ 

o 

r^ 

U       " 

J->    Ul 

to  -u 

u 

-a 

m 

CI 

s? 

r^ 

T3 

C 

-   CJ 

CO    " 

I 

C  00 


U  T3 
CO    S 


=  o 


u  ^ 

iJ     CJ 
CO    o 

00 


00 
C 


TT 
C 


00 


IJ  T3 

^    C 

CO     OJ 

XI 

OO 

c:  __r- 


-  CU      . 

M 

T3 

-g 

^     CO 

1-1  J2    Ui  T3 

l-l  J<J 

u 

c 

to  c 

J-)         J-)    C 

ij    o 

J_( 

01 

5 

■H     O 

CO  s    to    0) 

CO    o 

CO 

Xi 

X! 

U    -H 

1            J3 

u 

CU    4-1 

00—    OO 

00 

OO 

00 

OO 

4-J     CO 

C  CO    c  o 

c     t^4 

c 

c 

c 

O   -H 

u  u  ij  c:j 


>  >  » 

'O  CSI  cs 


Ug 


o 


« 

.  tu 

K 

u  -a 

Ui 

U  XI 

U  T) 

4J    c 

4-) 

j->    c 

CO     CJ 

CO 

to  X 

to     QJ 

X3 

1 

X3 

00 

00 

00 '^ 

OO 

C      r^ 

c 

C  03 

c  o 

H   S2 

■H  ' 

-H     tt 

1-i   U 

1^ 

M  O 

u  u 

U  M 

1-1 

■u    o 

4-J 

CO    o 

to 

n 

00 

ao 

C       CN! 

c 

H   W 

■H 

"m  CD  >  £ 

l^  O  CO  o 

CN]  CNJ  O  CX5 

CNl   CM  CM   ^^ 


>  »  a 


u^  CS  O 

<r  c*^  ^^ 


> 


0^ 

o 


x:  ^ 

O  XI 

< 

q1r^ 

3          3 
>          > 

.k_i 

E 

CO     • 

B    C     • 

lr^        \^ 

^ 

■H  e)  OO 

u-\         n-^  CO 

X  >  c 

30          03 

r^ 

s  only  appro 

ulder  are  gi 

rock,  rocki 

-o 

■a 

QJ      O      •- 

c 

•H  j:     03 

V 

0) 

■fcJ     to     k4 

XI 

XI 

•H            O 

en     -  to 

OO 

00 

C  j:   to 

C 

c 

0)  ra  -H 

•H 

■H 

4->            o 

U 

1-1 

of  In 
weak; 
sc,  s 

%% 

£ 

CO  1.1  00 
QJ     QJ     C 

CO  VD 

i-H 

U     >  -H 

~T  m 

CO 

in         T3 

00  CO 

f^ 

C       -   C 

00  u 
C  ■" 
O     QJ 


to    S>, 
to 

>^ 

U       - 


> 

U 

■H 

U 

^ 

o 

GJ 

w 

2 

E 

>, 

u 

W 

4_) 

fO 

^ 

c 

H 

5, 

%s 


60 


*^  s 


CO  < 


* 

n 

m 

u 

u 

imi 

4-> 

s 

to 

m 

1 

K 

m 

crv 

1. 

O 

u 

z 

ij^  O  (S  O  o 

^  O  ^  CN  cs 

<r  0-]  ^^  a^  CO 

n  ro  ro  rv]  p^i 


u 

10 


fc 

C 

^~^ 

(U 

Q 

D 

1 

1—4 

o- 

E 

CJ 

o 

O 

u 

CQ 

t, 

g 
5: 


U     Uj     iM 

j-i  4-1  j^ 

M 

n 

CO     o:     CQ 

u 

u 

■l~i 

J-J 

35  "-  ^ 

m 

m 

1      1      1 

X 

m 

On  r^  .— 1 

1 

o 

o 

Z  2  2 

u~^  -vO         O  CO 

<— <  O         0^  r— * 
-— '  C^  CO  CO 


u 

? 

u 


> 
o 

vO 


bJ 

c     -^ 

o 

0)  -J 

o 

3     1 

cr: 

o-     = 

E^ 

0)        CJ 

H 


s 

< 


2 
00 


o 
c     ^ 


M 

u 

Ui 

en 

w 

K 

T 

1 

1 

a^ 

r^ 

;3^ 

z 

2 

Z 

u 

10 


ro  O 


SEE  E    to 

*0  CO  -kT  CTn  vO 

CO  ^^  lTn  rn  m 

<r  <r  -<r  <r  <r 

c^  m  ro  (Ti  r^ 


E  E  e 

rO  o^  CO 
r*-  r-*  r^ 


^N  CO 


^  CO 

1 vO 

m  en 


0^  r-^ 


r-^  m  <T 

O  0>  CO 
i/^  -:r  --T 

mom 


w 

tQ 


CNj  r-i  TO 
<T  m  CN] 
r^  r^  r-^ 


00 
C 

■H 

u 


en  ^ 

o  o 


61 


OJ 

c 

■H 

4-) 

o 
o 
I 

> 


a;  ^H 

Q 

3     1 

CT    e 

J 

QJ          CJ 

n 

U      ^ 

en 

Ci, 

;: 

o 

UJ 

c 

o 

Q  — 

o 

3    1 

a: 

o- 

H 

CD 

U  -O 

4J  C 

W  QJ 

1-1  G 


in  CM 
n  in 
in  ^ 


u 
m 


WO)  CQ     QJ 


r-1 


•H     I 
u  o 


u 

u 

m 

m 

^ 

n 

m 

= 

S 

00 

on 

J^ 

l; 

a> 

r^ 

o 

o 

so 


u 

u 

u-v 

4-1      C 

CO 

to 

m  QJ 

J3 

00 

oo 

00 

c 

c 

C      n 

S 

u   Li 

■>   XJ     J_J 

•o 

U  T3 

U  X) 

1-t     CO     CO 

■I-"    C 

iJ   c 

^ 

5 

CO     QJ 

CO     QJ 

CO  E  X 

X) 

X! 

j:i 

]      1 

QO 

00 

00 --N--^ 

_ro 

c  a 

c     en 

C  0^  r- 

x;   CO   CO   en  j:: 
;*   CO   >   >   >   m   S 

0^  u^  O  CO  r^J  LTi  CO 

-^  O  O  CT\  0^  OD  r^ 
O  sJD  UD  LTi  u^  ir^  tr\ 


u^Ln<r<r-<r       <t  <t  c^       r^  en 


en 


ca 

M 

>, 

^ 

<U    i-H 

2 

3    1 

8 

ST   H 

=^ 

U      -w 

<=i 

tlH 

00 

c 


oo 
c 

-H 

1-1 


•— ' 

^^ 

l-i    u 

"  i-i  ij 

i-t  T3 

l-i  T3 

U  T3 

Ul  T3 

U     CO     CO 

u     Z 

^     C 

J->    c 

•"     C 

i-l 

CO     QJ 

■0_g 

CQ     QJ 

to     0) 
XI 

CO  a  SC 
1      1 

00 

00 

OO 

00 

OOv-VZ-N 

C      t-1 

C      r-i 

C  S3 

C      r-1 

C  CT^  r^ 

-H  5: 

-H     t 

■■H  a 

u  o 

1-1  tJ! 

l-i  O 

u  o 

u  zz 

CO 

> 

o 
o 
so 


to    E  CO    S 

CNi  o  CJ^  O 

tn  Ln  m  m 

in  in  in  <3- 


3    3    CO    E  3 

r^  c^  CJ^  -T  in 

m  csi  o  O  O 

<r  <r  vo-  <-  CO 


O 


62 


T3 
OJ 

C 
■H 
j-i 
C 
O 
O 
I 
> 


5 


o 


H 

s 


8 


c 


I-J 

-a 

en 

n 

^ 

n." 

C 

^ 

U' 

i-j  -n   1-1 

■u 

--'    C    J-* 

w 

en   Qj  en 

^ 

c:; 

oc       cc 

c 

c  o   = 

■r-      il      T-l 

u. 

U   CJ     t-i 

o 


1/^  u^         O  f^         Ln 


u  -o 

'-'.  "2 

u  -a 

Ui  -c 

u 

u  -a 

^   c 

■^  c 

^J     — 

LJ 

m   0) 

en  oj 

m   cj 

en   S 

en 

en   S 

j: 

r\ 

J2 

^ 

_a 

cc 

00 

cc 

eo 

ec 

M_ 

^   » 

"       t^ 

C   3= 

=  o 

c 

•n     I 

■^    11 

u  o 

u  o 

u  o 

u  u 

u 

tj  O 

T3 

~ 

— 

o 

— 

4.J 

C 

C 

^  .c; 

K 

<. 

■, 

«. 

H 

d 

u   1-1  j2 

U  -T3 

u  -□ 

u  -O 

u  -a  u 

u  -g 

4-1     4-1 

4-1        C 

^   c 

^   c 

^ 

en   to  r; 

en    GJ 

en   0) 

en   CD 

en   OJ   en 

en   5 

OO 

1 

^ 

^ 

za 

Z2 

ja 

00  c^^ 

GC 

M 

ea 

ac       eo 

M 

en 

c   c  ^ 

~   ^ 

::     fn 

c  s: 

c  o  c 

c  = 

CO 

-r^       1 

•H      1 

•iH     II     -H 

•rt    1 

< 

U     Lj    2 

s-  O 

u  u 

u  o 

Ui  u    IJ 

u  O 

3E    >    ? 

0^  CO  r^ 
CSl  CNJ  cs 


OO  M:j<rr-i        ^~i  r-*  T^  kd 


.  .o 

» 

U   -Q 

u  -o 

en  = 

en   eu 

1 

XI 

M^ 

eio 

C  r-^ 

oa 

M 

C      c^ 

=  S 

•H  E 

•H      1 

U  U 

u  O 

l-l  T3  i-l 

^  C  4-) 

en  OJ  en 

00  00 

c  O  C 

-H  II  -H 

l-l  O  iJ 


CO  --•  - 

m  r    -4 

o  c  o 


C  TJ 

eu    C 


00 


.—I 

o 


<r  CO 

—1  vO 

c^  e^ 

lr^  -^ 

O  CT\ 

^  -T 

CS   CNl 

CS    r-^ 

r^  LTi  0^ 
m  IN  CO 
O  O  0^ 


63 


5 

00 


c 


Id 


c 
o 

I 
> 

cq 

H 


1-^ 

u 

i- 

^^ 

U-      B 

J 

Q)        U 

o 

U      — 

m 

U, 

0) 

s:       CO 

T3  o. 
■o  c 

C  0)  iH 
OJ  XI   o 

oca 
I  -rt  o 
o   Ui  ^^ 


T3  x: 

O    CJ 
J2  X 


3 

o 


p-  CO 


X  CO 

T3  D, 

C    OJ  ^ 

0)  XI  O 

00  4J 

O    C  3 

I     -H  O 


m  CO 

0^  CT^ 


SO  00 


o  o 

0^  CO 


z 

o 

a 

C        '-s 

C5 

(U  ^ 

O 

3    1 

as 

CT      E 

H 

0)       o 

CJ 

I 

CO 

<: 


a 

c    --^ 

QJ    r-^ 

3    I 

cr    s 

QJ         O 


. 

OJ 

c 

s^ 

CO 

^H 

•a  D. 

X) 

c 

c 

QJ  ^4-1 

0) 

J2    O 

Xl 

00  4-) 

o 

C    3 

1 

■H     O 

o 

tj  -^ 

>  »  a 

CO  ^  CO 

t>n  m  O 
CT\  c^  cr\ 


00  00 
C    3 


3 

>  » 

rO  r-4 

CJN  CO 


•. 

cu 

QJ  /— v-^ 

--^ 

c 

c  s  o 

to 

CO  ^— ^-^ 

T— 1 

i-H 

■n  D. 

-a 

Q.-0  -U 

t: 

c 

c 

c  c 

c 

CJ  U-l 

GJ 

Cm    OJ    QJ 

Q) 
X! 

ja  o 

J3 

O  Z2  J2 

00  -u 

00 

4-t     00  00 

o 

C    3 

C 

3    3    C 

1 

•H    O 

•^ 

O    -H   f-f 

o 

M  — ' 

Lj 

~-'    U     tJ 

<r  CO       CO  m       m  rn 
o^  cr\       CO  CO       r^*  f^ 


00 

c 

•H 

^ 

T3 

a 

C 

Q) 

OJ 

3 

J2 

4_) 

kl 

03 

J-) 

en 

CO 

•  x 

CJ 

'H 

00 

1-1 

c 

o 

GJ 

u 

CO 

1 

w 

>, 

1-1 

OJ 

E 

u 

03 

CO 

OJ 

to 

4-1 

4-1 

e3 

3 

1 
to 

■§ 

cn 

CO 

CJ 

•rH 

•  . 

o 

J-1 

CO 

05 

c 

•H 

o 

.« 

U 

•iH 

u 

0) 

U 

QJ 

4J 

to 

E 

u 

•H 

O 

to 

> 

4-1 

u 

0) 

3 

CO 

u 

CO 

sz 

J2 

4-1 

CJ 

JD 

< 

>, 

f^'^ 

X 

4-) 

o 

CO 

Ui 

E 

c: 

■a 

■ri 

QJ 

>. 

X 

> 

f 

o 

■H 

u 

00 

ex. 

Q. 

Q> 

5^ 

CO 

1-1 
CO 

— ' 

>^ 

>  n 

r-H 

1-1 

OO 

3 

OJ 

c 

o  -o 

-l-l 

r~\ 

^ 

m 

3 

o 

CJ 

o 

o 

_c 

u 

03 

•H 

m 

K 

ji 

c 

JZ 

CJ 

cu 

03 

o 

XJ 

u 

3 

• « 

-H 

J>f 

CO 

03 

Cm 

OJ 

1-1 

o 

3 

O 
03 

•a 

>, 

cn 

CO 

u 

-H 

OJ 

QJ 

U 

4-1 

> 

03 

m 

c 

K 

■. 

3 

U 

0 

> 

03 

64 


0) 

c    • 

■H   m 

C     4-1 

en   (D 

00  "-H 
rH  O) 
>>P-i 

■M    V-l 

a>  m 

C3^ 

.     T? 

O    CO 

CC  i^ 

U  o 

4-J  O 

U  ^ 
CU 

Oh  -U 

CD  03 

OJ  -H 

W  rH 

CO  O 

U  C/2 

C   m 
o 

x:  a. 

4->    n 

o 


T3 
C 


03    O 

m  -H 

CO 


o 


(1) 

M 
O 


c 

CD 

e  -H 

&^ 

•H  TS 

m  C 

03  CO 


T3 
C 
CO 

03 
CD 
■H 
O 

c 
cr 


c 
o 
ba 
u 
< 


OJ  — • 

a 

3    1 

tr    E 

-3 

OJ        u 

o 

u    ^^ 

CO 

Cs. 

QJ   ^ 
3     I 

cr    e 
0)      o 


5; 


CO 

o 
II 
o 


o 

<r 

o 

CO  o 

O 

O  O 

CO  t~^ 

\f\ 

1-H 

CO 

<r  f-i 

r-^ 

fn  CN 

CD^  CO 

<T 

<r 

CS] 

0^ 

a^  r^ 

vD  \£) 

fn 

m 

m 

o  m 

CN] 

CN   CN 

CQ 

tn 

U 

1, 

e 

CO 

M 

■U 

Ul 

S-, 

u 

CO 

ca 

CQ 

T 

CO 

_JM 

CS 

n 

O 

s 

g 

z^ 

G 

o 

O 

o  o 

CN 

ON 

--<  CO 

m 

^H 

rt  cr. 

rn 

m 

en  CN 

o 
II 


tq 

c 

O 

OJ 

O 

3 

cc 

D" 

e 
c 


c    — 

3     I 


CO  1       CD 

_CN  i-i   __CS 

i   z  § 


E    >       E    E 


CO   E  CO 


I"^  f^  lTv  O  Lr>i  p*i  vO 

o  o  Li^  u*!  m  ir\  (^ 

Li^  in  LO  Lr\  ITS  <r  -"J" 

m  n  m  m  ro  m  ro 


O 

cS 


CD      I    CO      oa 

CM    r-J        CN        C^ 

i  zg  S 


E    E       CO 


u-\  Lr\ 


<r     CN  u^ 

r^     mm 

m     mm 


CO 

? 


65 


o 

CO 


m 
§ 

•H 
4-1 

g 

o 


I 


o 

CO 


c 

. 

OJ 

u 

e 

u 

c 

m   u 

ae 

en 

H 

ClO 

in 

C       tN 

w 

•'^  X 

< 

1-  Z 

H 

>. 

I^ 

o 

ti) 

ro 

O)  — 1 

O 

3    1 

rrt 

cr 

C-* 

QJ 

^ 


00  00 


<r  in 


o 

x: 

c    --^ 

tn    m 

QJ    r-( 

D      1 

*3-  ^£5 

cr     S 

<r  r-i 

0)      (J 

VO  vO 

o 
u 


■u 

c 

-  tj 

u  ja  -a 

U  t3 

iJ         c 

•"    c 

CO  2^    tu 

CO     0) 

1     J2 

X] 

OO-^ 

00 

c  CO     m 

■•H    1 

u  u  u 

u  o 

to 


CO 

o 


u  u 

u 

4-)     J-J 

K 

^-i 

03    CO 

a 
en 

m 

00  DO 

Oil 

C     C 

CS] 

c 

o 


c 

-    Qj 

u 

U  T3 

Ll  XI 

u  -a 

ij 

4.J 

*-'    c 

m 

to     CJ 

CO     CJ 

XI 

1 

X3 

oc 

o; 

00'—- 

OO 

c: 

c     en 

::  03 

C      r 

H 

-H  s^ 

■(-*    V-'- 

U 

1-1  CJ 

u  u 

IJ  CJ 

SB 
l-l 


c 


CN]  r^  ,-- 
o  c3^  cr> 
\o  en  m 


13 

00 


<r  CO 


00 

c 


o  CO       o  m  o 

rvj  O        O  CTN  c::^ 
\0  O  O  l/^  en 


CO   CO 


■B 

c 

-    OJ 

U  T3 

U  X) 

u  -o 

U   T3 

ij  c: 

4J 

iJ    c 

■u    C 

to   cy 

CO  s 

to     QJ 

to     QJ 

x: 

1 

XI 

X! 

00 

aa^ 

00 

DO 

C      r-) 

C  CO 

c     m 

C    X 

■-<  ~ 

•H  -.^ 

■H  s:; 

•H     t 

u  O 

U  CJ 

u  u 

U   O 

D 

r-  ON 

r-.  CO 

:t\ 

r^  \sD 

m  <r 

<T 

<■  -3- 

<T  <r 

.^^ 

c 

-  OJ 

M-g 

kJ  T3 

U  X3 

■a 

S-l 

t3 

w  g 

■tJ    C 

4^ 

c 

■ui 

C 

in  S 

m  OJ 

to  S 

QJ 

to 

QJ 

XI 

XI 

1 

XI 

X2 

00 

00 

eo— ^ 

00 

C      en 

c:    en 

C  CO 

tn 

c 

s 

H  X 

■H  a 

-H  -^^ 

5 

•H 

I 

U  CJ 

U  CJ 

1-1  u 

Ul 

o 

g^E    ? 


0^  lA  sO  r*>. 

CO  CO  r^  ^ 
-^  --T  <r  -:r 


0>  \£>  vO 
u-^  Lr»  -^r 

<r  <T  <r 


66 


T3 

I 

•H 
C 

o 
o 
I 


u 

QJ 

m 

s 

CO 

^, 

o 
cc 


—I  o 


1-1  -o  T3 

•"   C  c 

tn   QJ  Q) 

c  =;  r>- 

■'^    I  X 

U  O  O 


CS   CM 


C 

QJ       /-», 
3  >— < 
C    I 

-J        u     u 
O         fc.     ■_- 


i-i  -a  -a 

CO    o    OJ 

C  o  G 


s 


U  X3 

m   CD 

03 


Ul 

T3  T3 

^-) 

C     C 

m 

01     OJ 

J2  ^ 

w 

c 

S     r 

H 

kl 

O  U 

o 

C     '^ 
D     I 

0!         U 


t-<  r~~  -3-  CO 
<r  tNi  cNi  ^^ 
<"  ^d-  <■  <r 


CO 

< 

X 

^-H 

OS 

H 

>, 

g 

<!) 

2 

3 

O 

rr 

U 

<u 

^ 

CO     CjJ     OJ 
00 

c  s     o 

-H  I  a 


6   CO   CO   g 


CTN  CO  <r  0^  CN  C^  O 

rO  CN  CN)  r-J  ^^  0^  CO 

-^  -^  <i"  -T  <r       c^  c^ 


T"S' 


r^  CT^  <r  CT^ 

r**  \o  o  u-^ 
m  ro  (^  ro 


W  2 


O  r^J  CO 
r^  vo  u~t 

m  m  m 


X! 

c 

(I) 

u  ja 

CO 

s 

on 

c 

1— ( 

00 
c 


3 

S 

•i 

> 

3 

> 

3 

3 

> 

c-J 

r^ 

^ 

r^ 

m 

CO 

i/^ 

-T 

m 

CM 

CNi 

CN 

CN 

•a 

c 

-  aj 

U  J3 


00 '-v 


— <         O  rn 


00 
c 


U  T3 

1-1  •« 

■"  n 

jj    c 

to    0) 

CO     OJ 

XI 

XI 

00 

c  ^ 

C      c 

ua 


U  X3 

1-1  -a 

CO    cu 

CO     QJ 

XJ 

X3 

00  . 

00 

C  X 

C      f 

H     1 

1^  o 

mD 

s: 

E    CO 
O  r- 

CVl   rt 
CN  CN] 


67 


0)    v 

3 


t3 
0) 

•H 
4.) 

8 

U 
I 

M 
> 

pq 


u  -o 


to  o 


« 


■a 

CI. 

■a   a. 

•n 

c  -a 

c 

c 

c 

0)    c 

(^ 

GJ  U-i 

q; 

CJ 

X)     OJ 

o 

X2    o 

X 

X 

4_) 

00  JJ 

CO 

QO 

C  O 

3 

C    3 

■H     II 

o 

■n    O 

■^ 

.^ 

u  u 

^-' 

v^ 

u 

g 


I-.  CD  O 

f^ 

O  u^  Lr> 

r-1 

Ov  CO  CO 

oa 

n  — ^ 

OJ  ^ 

3  I 

0-'  LJ 


u 

•n 

u; 

OJ 

.n 

o: 

c 

S 

c 

c 

=  O 

C3 

tc 

l-~t 

XI 

a 

-a  a. 

•a  T3 

c  -a 

c 

c  c 

0)    c 

^ 

QJ  U^ 

GJ     QJ 

J2     O 

o 

X  o 

XI  X 

-Q 

M 

J-> 

oi;  .w 

&0  00 

C  O 

3 

C     3 

c  c 

■H    II 

O 

-^    O 

■r-l    -f-l 

Ij  u 

> — • 

u  —^ 

i-i    u 

CO  ^ 

O  G 

CO  \C^ 

o  o 


d 

«^ 

■H 

CO 

X 

01 

l-H 

< 

Qi 

3^ 

S^ 

?; 

u 

UJ 

r; 

C3 

<3J 

O 

3 

o: 

rr 

H 

OJ 

X 


O  vO  00 

O  CO  r^ 


T3 

C 

.  0) 

1-1  X 

CO  s 

I 

OO'-. 
C  CO 


X  3 

to  S   > 

r^  -3-  -x 

CO  m  a^ 

— I  — I  o 


1-1  ^ 

m  o 
>-i 

00 

C       CN 

ij  2 


00 

c 


•• 

T3 

D 

u  -o 

C  T3 

4-1    c 

OJ     C 

M-J 

CO     OJ 

X  tu 

n 

X 

X 

00 

OO 

1-1 

C  E 

c  o 

3 

H      1 

■H     II 

n 

u  o 

u  u 

X 
S    to   s 

» 

x: 
m  3 

u->  o  <r 

u-i  Lr^  CN] 

o  o  o 

o 

o 

en  o^ 

ca 

H 

>, 

u 
C     '■ 

OJ  <-^ 

2: 

3     1 

CT 

OJ 

cd 

U,      ^ 

< 

Ci, 

•tf 

c 

-  aj 

S-l 

T3 

U  X 

■^ 

xj 

CO 

OJ 
X 

CO  s 

OO 

O0^~. 

tJ 

w 

C  CO 

H 

1 

■H 

U 

o 

u  o 

00 

c 


1-1  -a 
■"    c 

CO     QJ 
X 


3  3  X      XX       a 
>>coEtnco3& 

cT>cv]rovXcN]co<r^ 
OOcor^r^nmc^ 


n 

en 

t— I 

•a       a 

C  T3 

(U    C  Cm 

X    OJ  O 

X 

OO  iJ 

C  O  3 

•-^    II  o 

1-  U  --- 


OJ 

^-v,— s 

s  o 

to 

r-H 

T3  a 

TJ  TJ 

c 

C    C 

CU     OJ 

X  o 

X  X 

00  4J 

00  00 

C    3 

c  c 

■rt     O 

tH    -rH 

1-1  -^ 

1-1  1.1 

vD  1— i  in  a~>  r^ 
u^  ir\  -— i  O  O 
O  O        O  O  O 


Ji 

C 

CO 

til 

aj 

X 

3 

^ 

T3 

3 

C 

■H     00 

-n   c 
OJ  -^ 


OO   W 

c 

o      -^ 


CTs  CO 


68 


I 

bo 


c 


0) 

■H  • 

c  m 

Cd  4-1 

0  0) 

O  rH 

rH 

U-t  OJ 

O  CL, 

CO  i-i 

u 

W  CO 


T3 
<U 

CO 
5-1 
Oh 

c 


fe^ 


> 

■u    O 

CO 

H 

a 

J 

■H  en 

eq 

13 

<; 

CQ     O 

H 

T3  ^ 

C    G. 

CO    U 

pq  o 

<u  <5 

J= 

1-) 

CO 

ch    cu 

o  u 

•H 

CO     S-l 

J-l   iJ 

C    CO 

0)   S 

3  c 

cic  cu 

•H    M 

CO   o 

CO    s-l 

<  -u 

•H 

T3  a 

c 

CO  'rJ 

c:! 

CO     CO 

0) 

•H 

o 

c 

0) 

3 

(T 

OJ 

s-l 

fe 

33 


0)  -^ 
3   I 


o 
c    ^ 

3     I 

cr     g 

1)        CJ 


^'^ 

52 

o 

u 

^-^ 

U    U 

Ui 

u 
i-i 

Ul 

*-i     4J 

^ 

M 

CO 

en 

CO  n 

n 

s  s 

_ 

g_ 

S 

.t] 

1     1 

1 

m 

CO 

r'J 

Cv  r-^ 

r^ 

CM 

^ 

cz 

z 

2  3 

2 

s 

s 

a  e  CO 

o  -4-  o 

r*^  -o  t/^ 

i/^  Lr\  LT* 

m  m  fo 


r^  <N  CM 

CO  CO  r-^ 
■-T  <r  --T 
t^  m  m 


S 


a  I 

cr  s 

1)  o 

u  -— 

Cb 


L-i 

CO 

to 
03 


O 


CO   s  CO 


en 

X 

S 

On  r^ 

1-1 

M 

tn 

R 

1 

m 

^ 

tvj 

m   S     "n   s   s   E 


E    > 


^  <-H  m  m  cx> 

r*^  r^  o  -^  fn 

i/^  ir\  u~\  u-\  v/^ 

i^  c^  rn  m  rn 


3    CO 


m 


c^lc^J(:7^C^c:OC3^r^l/^l/^fn 
rnmmfno-jroci-irnmco 


s 


2 


CO    CO    E 

m  p-<  o 
r-i  m  cs 
<T  -J  -T 
m  m  fn 


69 


C 


c 
o 
o 
I 


H 

m 


M 

-rH 

CO 

CO 

'— V 

< 

^ 

ca 

M 

c 

>, 

■H 

a 

^^ 

C      ^v 

0)  -H 

Q 

3    1 

M 

o"     S 

.J 

QJ        CJ 

O 

U      ^^ 

CO 

b 

J 

>, 

HH 

u 

li. 

C     '- 

OJ  ^^ 

a 

3     1 

CT 

J 

q;      c 

o 

Lj       ^ 

C/J 

ClH 

oa     ^      u      u 

CO        IJ       iJ 


X     =     = 


r^  r-l 


m       p-  — . 


o  o  o 

o  o 

tT\  — ,  ir> 

CO  o 

CTv  CT>  CO 

r^  r^ 

CNI    C-v)    CNJ 

<^^l  csi 

■^ 

C      ^"^ 

■■.1 

a  -4 

o 

3     1 

s 

c     = 

0)       (J 

Cx. 


0)        CJ 

1-1    ^-■ 


en     i^ 

1-. 

j_, 

m 

^  X 

CO 

w 

^-^ 

CN   CTN 

r*. 

^^ 

3     2 

2: 

2 

o  o      o 

—  o      o 

— <  O  CT\ 


o 


3 

3 

CO 

a 

^ 

^ 

U  X 

u 

a: 

J-"     1 

4^ 

1 

CO  — , 

CO 

CN 

r^ 

O  w 

<-l 

,",  ^ 

11 

T-. 

C_>  ■ — i 

o 

CT»  <r 


CO  — s    CO  ". 

ON       r^ 
II    2   II   3 


CO   CO   CO   CO   »   :s 

CM  CO  o  cNi  ao  ~cr 

LT^  <r  en  ro  ^-*  O 
I      r^  r^  r^^  r^  f^ 


O 
U 


AC 


00 


>  CO  s  e 


S    CO 


<r  r^       CO  CTN  CO  .— * 

c^  c/^         CNJ  ph  o  o 
^  \0  '^  \0  ^O  ^£3 


70 


01  — . 

Q 

3     1 

HH 

o-    e 

u-l 

OJ      o 

O 

u    O- 

o 

CJ 


o 

OS 
H 

s 


b. 

C     ' 

a 

3    1 

^^ 

C 

0) 

o 

u     ^ 

C/2 

Cn 

o 

C  — s 
0)  ^ 

3  I 
CT       E 

QJ  U 

M  --^ 


00 

c 


so 
c 


00 


OO'^ 


1 

ni 

u 

X3 

« 

s 

at) 

J^ 

c 

CT> 

u 

2 

00 

c 


C  CO 


r 

oa>-^ 

C  ON 


33 


S-l  JH 


00--- 
C  CO 


c/3     CJ 

00 

■^     I 
Ij  o 


00 

c 


3    3    >    =  S 

<r  CO  -o  LT^  ^o 

r^  O  CO  r^  L/-\ 

u^  un  <r  -<r  <r 


CO  <r 

—  o 


X 

o 

'C^ 

^^ 

^-^ 

■C^ 

T3 

u 

i-i 

^ 

U  J3 

i^^T? 

u 

^"1 

S-l 

m 

00 

c 

CO 
00 

c 

00 

a 

•H 

00 

c 

-r-t 

1 

CO—. 
C  CO 

CO     OJ 

00 

c 

I 

GO— s 

i-J 
CO 

c 

u 

U 

u 

LJ 

'3  u 

u  2 

■H 

inssss       ^ss 


>     CQ     CO 


S     CO     CO 


-— '  \0  <m  cNi 
nn  o  CO  f— 

LTl  LO  <r  -^ 


-C 
H    CO    tn 


iJ^  CN  CO  c^ 

u^  u-i  <r  -T 
-^  -^  <r  <r 


c-j  ro  CO  <}■  CO  u^ 
fo  cN  r— I  o  r^  1^ 
-^  <r  <r  --T  rn  m 


71 


0) 
13 
C 
■H 
4-1 
C 

o 
a 
I 


pq 


o 


H 
d 


^ 


M 

m 

u 

< 

aa 

:^ 

c 

>^ 

a 

■ — ' 

C      ' 

OJ   >-H 

a 

cr 

-1 

cu 

o 

1-1    ^ 

CO 

tL. 

c 

i 

ao 


OJ  ^ 


1-1 


CJ    r- 

D     I 

cr     S 
a      u 


-o 

■^u 

«    CJ 

"  rr 

U   JH 

u 

u 

!-J   J^ 

U3    — 

crj 

^ 

u:3  z: 

OC^^ 

M 

GO 

C  — « 

» 

C 

C  ZC 

3  3 


3 


CN 


CN 


> 

-a- 


"2 
I 


OS 


m   0) 

J3 

M 

ao 

c  a 

H      1 

■H 

U  o 

1-1 

Ul 

J2 

m 

= 

^ 

^   c 

CO     GJ 

M 


to-—. 

C  CO 


iJ     CJ 

CO    o 


-  _c^ 
1-1  z 


3    3 

o  o 


-a-  m 


O  en 

CNI   CNl 


CO 
CO 


3  3    3 

o      o  o 


0)  rf 

3   I 

cr    s 
01      o 


0) 

M  T3 

u 

XI 

5 

^    C 

ca 

-a 

■H 

ao 

J^ 

c  =: 

c 

1 , 

^ 

^  o 

u 

z 

" 

~2 

^-^ 

s^  -a 

u  ^ 

s-  -:5 

I-*  -ii; 

^   c 

u    u 

en   Qj 

M  :;; 

■Ji     CJ 

10    O 

-Q 

^  JD 

-i-i 

00 

CO^v 

00 

c  s 

C  03 

^O 

H      I 

■H  ^ 

■-^     H 

U  o 

u  o 

^  o 

l-<  s 

?e5 

O  <T>  .-J 

<r  CM  c.) 
CO  ro  ro 


>    3 

CO  CM 
O  CTS 
CO    eg 


c-sl  rvj 


3  ^ 

3    3    >    S  to    3 

crv  o  <T  CO  CO  r^ 

u~i  — .  tT^  CO  I —  en 

CM    rsj    — I    —  r-<    ^-< 


3    3 

o  — 


3 

O 


72 


T3 


C 
O 
O 
I 


w 
J 


.J 
o 


a 


< 


o 


01  —I 
3    I 


ti 

>> 

^-* 

tL, 

C        — s 

Q 

3     1 

l-H 

cr    E 

-J 

01        (J 

n 

ij    ^^ 

Ol 

b 

CD  ^ 
3     I 


31 
C 
(0 

a 


T1 

0) 

i; 

i; 

0) 

13 

J2 

00 

"■ 

u 

l; 

I 


T3    O. 
C 

II  t4-| 

ja  o 

■gg 


o  o 

CO  CO 


o 


3 

cr> 


~T3    OJ  -o 


CO  J2   ,-1 

J3 

_^ 

a. 

00  OO 

00 

CO 

01 

Zi 

'"N 

c 

c 

X 

a: 

^H 

•^ 

■o 

Q.-C  a; 

■o 

T3     C 

U  *t3 

c  -o 

c 

C 

w    C 

d    c 

t-i  S  5 

01 

OJ  i-H 

CQ     CJ 

j3    0) 

O   J2  -1 

^ 

-c  o 

ja 

XI 

c 

00 

00 

-^    00 

CO 

00  -J 

c  = 

C   O 

3    =    C 

^ 

■H      1 

■H      II 

O   -^   -^ 

tj  O 

u  o 

u 

J-  ^ 

-TC!    O; 

"O 

•:3 

c 

*J    CJ    nj 

CJ 

o 

_o 

Q. 

cc  c:o 

CO 

C4; 

CO  — 


u  -a 

00 

c  s 
■>^  I 
u  o 


_Q    0)  O 

00  4J 

C  O  3 

■H    II  o 


"O  QJ  -TS  a; 

c  c  c  c 

01  eg  0)  :g 

^    ^4   ^  r-t 

a,  Q. 

00  00 

c   c  c  c 


00  -u 
C  3 
■rt    o 


--0  0) 
l-l  c  c 
k-»  01  CO 
1D3  _Q  -— I 
Q. 
00  OO 

:C    c    C 

IH   -H  -H 


O 

-a 


*0  r^  CT>  u^ 

CM  r-j  o  r~. 
O  o  O  o^ 


t-^  -4  -J 
CN]  CM  a^ 

CO  CO  r^ 


-T3 

3    C 

01 


oC'  m 
o     - 


173 

:,J 

1-4 

■ri 

d 

.    w. 

u 

f-! 

C' 

o 

C 

■:j 

s 

^ 

>, 

Ul 

X 

>, 

» 

k-l 

'~~ 

j_i 

■4J 

>> 

> 

y] 

03 

CO 

CJ 

> 

U 

oT 


u  sazz 


CJ 

o 

"3 

3 

X 

CO 

3 

CO 

OJ 

^ 

■f-i 

o 

J-J 

CO 

w 

2 

K 

. 

r; 

u 

5 

CJ^ 

CO 

— i 

-^ 

ao 

c:3 

c 

u_< 

OJ 

■H 

° 

3 

^ 

u 

"C 

>> 

o 

u 

u 

OJ 

0) 

0! 

> 

jiT 

c 

CJ 

— 1 

3 

o 

> 

1-i 

73 
has  to  be  considered  only  preliminary  since  ab  initio 
calculations  have  been  performed  only  for  the  amlno-oxo 
tautomer  of  G  (152.153),  but  not  for  the  other  tautomeric 
forms  or  for  guanine  derivatives. 
The  3600-3400  cm~^  Region 

Expanded  scale  spectra  of  this  region  for  isolated 
samples  in  argon  and  nitrogen  matrices  are  shown  in  Appendix 
B.   Additionally,  a  comparison  of  the  absorption  spectra  of 
all  compounds  studied  isolated  in  argon  matrices  is  depicted 
in  Figure  19. 

Ab_  Initio,  calculations  with  a  3-21G  basis  set  on  the 
amino-oxo  tautomeric  form  of  G  (form  1  in  Figure  18) 
predicted  two  absortion  bands  (arising  from  the  asymmetric 
and  symmetric  stretching  modes  of  the  amino  group)  to  appear 
at  3563  and  3454  cm'^  respectively  (152).   The  fixed  amino- 
oxo  derivative  of  guanine.  DMG ,  shows  as  expected  only  two 
absorption  bands  in  this  region  at  3530  and  3428  cm"!  (see 
Figures  14  and  19).   A  small  frequency  shift  (about  8  cm'^) 
for  these  bands  was  observed  in  the  infrared  spectrum  of  DMG 
isolated  in  a  nitrogen  matrix  (see  Table  III  and  Figure  B.l). 
The  band  separation  of  about  102  cm"!  is  smaller  than  that 
reported  for  the  separation  of  the  amino  symmetric  and 
asymmetric  stretches  in  2-aminopyridlne  and  1 -methyl cytosine 
of  about  113-120  cm-1,  but  close  to  the  theoretical  value  of 
109  cm-1  predicted  by  ab  initio   calculations  for  the  amino- 
oxo  tautomer  of  G  (152).   The  observed  intensity  ratio 
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Figure  19.   Infrared  Spectra  of  Guanine  and  Its  Derivatives  in  the 
3600-3400  Wavenumber  Region. 
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^^asym/'^sym  "  ^asym^^sym^  °^  ^-^  i"  DMG  compares  favorably 
with  the  value  of  0.7  reported  in  studies  of  2-amino  pyridine 
and  1-methylcytosine  (26,28),  and  with  the  theoretical  value 
of  0.55  fl52).   Hence,  these  bands  (3530  and  3428  cm-1)  are 
assigned  to  the  asymmetric  and  symmetric  stretches, 
respectively,  of  the  amino  group  in  this  fixed  oxo-der i vat i ve 
of  G.   Values  of  3557  and  3438  cm"!  in  9-methyladenlne  and 
adenine  (27),  and  3559  and  3438  cm"!  in  cytosine  (24), 
respectively,  have  been  reported  for  the  frequencies  of  these 
two  bands  in  infrared  matrix-isolation  studies  of  these 
compounds . 

Three  absorption  bands  appeared  in  the  infrared  spectrum 
of  7MG  Isolated  in  an  argon  matrix,  while  only  two  could  be 
seen  in  the  spectrum  obtained  from  a  nitrogen  matrix  (see 
Figure  B.2).   The  bands  at  3520  and  3420  cm"!  (when  isolated 
in  argon  matrices)  exhibited  the  same  frequency  spacing 
(about  100  cm-1)  as  that  shown  by  the  asymmetric  and 
symmetric  stretches  of  the  amino  group  in  DMG ,  and  are 
therefore  assigned  as  arising  from  the  same  vibrational 
modes . 

The  symmetric  stretch  of  the  N(l)-H  group  is  predicted 
to  appear  at  3445  cm"!  (152,153).   Frequencies  around  3430 
cm-1  have  been  reported  for  the  same  vibrational  mode  (the 
N(l)-posltlon  in  purines  correspond  to  the  N ( 3 ) -position  in 
pyrimidines)  in  Infrared  matrix-isolation  studies  of 
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l-methyluracil  (20,21)  and  uracil  (19,22,23).   The  band  at 
3428  cm-1  in  the  spectrum  of  7MG  isolated  in  an  argon  matrix 
is  then  assigned  to  this  vibrational  mode.   The  "abnormal" 
high  intensity  of  the  absorption  band  around  3430  cm"l  in  the 
spectrum  of  7MG  isolated  in  a  nitrogen  matrix  (as  compared  to 
the  spectrum  obtained  from  an  argon  matrix)  must  be  due  to 
the  overlap  of  the  N(l)-H  and  amino  symmetric  stretches. 

Three  absorption  bands  (a  doublet  at  3573  and  3568 
cm-1  and  strong  bands  at  3493  and  3447  cm-^)  were  seen  in  the 
infrared  spectrum  of  2-N , N-dimethylaminoguanine  (DMAG) 
isolated  in  argon  matrices.   Both  the  amino  hydrogens  of 
DMAG  have  been  replaced  by  methyl  groups;  hence,  no 
absorption  from  the  amino  group  is  expected  in  this  region. 
Infrared  matrix-isolation  studies  on  cytoslne  and  2-oxo- 
pyrimidines  have  reported  the  presence  of  a  band  around  3580 
cm    which  has  been  assigned  to  a  stretching  vibration  of 
the  0-H  group  (24).   Similar  bands  have  been  reported  for 
matrix-isolated  6-methyl isocytosine  and  isocytosine  (26), 
which  have  been  shown  to  exist  in  the  matrix  mainly  as  their 
amino-hydroxy  tautomeric  forms.   The  doublet  at  3573  and 
3668  crn-l  is  therefore  assigned  to  a  hydroxyl  group 
stretching  mode.   The  appearance  of  a  doublet  in  both 
matrices  (argon  and  nitrogen)  rules  out  multiple  trapping 
sites  as  the  cause  of  the  band  splitting.   A  possible 
explanation  for  this  splitting  could  be  the  simultaneous 
presence  of  tautomeric  forms  5,  6  and/or  7  (in  Figure  16)  in 
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the  matrices.   Different  frequencies  have  been  reported  by 
Mason  for  the  0-H  stretch  in  the  infrared  spectra  of  N- 
heteroaromatic  compounds  (129).   A  sharp  band  around  3600 


cm 


{for  a  free  0-H)  for  those  molecules  with  a  hydroxyl 
group  which  was  neither  alpha  or  gamma  to  a  ring-nitrogen 
atom  and  a  broad  band  in  the  3395-3470  cm^l  region  for  those 
molecules  with  a  hydroxyl  group  peri  to  a  ring  nitrogen  (due 
to  an  Intramolecular  hydrogen-bonded  0-H  stretching 
vibration)  were  reported  for  some  of  these  compounds  in 
carbon  tetrachloride  solutions  (129). The  absorption  band 
around  3447  cm"!  in  the  Infrared  spectrum  of  DMAG  isolated  in 
an  argon  matrix  Is  assigned  to  the  N(l)-H  stretching 
vibration.   A^ initio. cal culations  predict  this  frequency  to 
appear  at  3445  cm"!  (152,153).  The  better  agreement  (as 
compared  to  7MG)  might  be  due  to  the  removal  of  the  normal 
coordinate  mixing  between  the  N(l)-H  and  amino  symmetric 
stretches  by  methylatlon  of  the  amino  group  in  DMAG. 

The  absorption  bands  in  the  3520-3480  cm"l  region  are 
present  in  the  infrared  spectra  of  matrix-isolated  DMAG  and  G 
but  not  in  those  of  7MG .  9EG,  and  DMG ;   all  of  which  have 
been  methylated  at  the  N(7)-  or  N ( 9 ) -positions .   This 
observation  suggests  that  these  absorption  bands  arise  from 
the  N(9)-K  stretching  vibration,  which  Is  predicted  to  appear 
at  3503  cm-l  In  the  infrared  spectrum  of  the  amino-oxo 
monomer  of  G  (152,153).   The  complex  structure  of  these 
absorption  bands  also  suggests  that  more  than  one  vibrational 
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mode  absorbs  in  this  region.   It  seems  that  some  contribution 
from  the  N(7)-H  stretching  mode  from  tautomeric  forms  2,  4, 
and/or  7  of  DMAG  (see  Figure  16),  and  2,    4,  and/or  7  of  G 
(see  Figure  18),  may  also  appear  here.   The  simultaneous 
presence  of  both  the  N(7)-H  and  N(9)-H  tautomers  in  a  matrix 
have  been  reported  for  purine  and  adenine  in  argon  matrices 
(27).   Frequencies  around  3497   and  3488  cm^l  were  reported 
for  these  vibrational  modes  in  these  compounds  (27).   The 
presence  of  at  least  two  strong  carbonyl  bands  in  the 
infrared  spectra  of  DMAG  and  G  in  nitrogen  and  argon 
matrices,  while  only  one  band  is  seen  in  the  same  region  in 
the  spectra  of  7MG ,  9EG ,  and  DMG  seems  to  provide  further 
proof  of  the  contribution  of  the  N(7)-H  symmetric  stretch  to 
these  absorption  bands  (see  section  on  carbonyls  discussed 
later ) . 

The  Infrared  spectrum  of  9EG  isolated  in  an  argon  matrix 
shows  at  least  four  bands  in  this  region  (see  Figure  19), 
while  five  bands  appeared  in  the  spectrum  when  nitrogen  was 
used  as  the  matrix  gas  (see  Figure  B.4).   The  bands  at  3534 
and  3435  cm"!  in  the  argon  matrix  exhibited  the  same 
frequency  spacing  (about  100  cm"!)  and  are  very  close  in 
frequency  as  the  asymmetric  and  symmetric  stretches  of  the 
amino  group  in  DMG  and  7MG ,  and  are  therefore  assigned  as 
arising  from  the  same  vibrational  modes. 
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The  strong  absorption  band  around  3570  cm-1  in  the  argon 
matrix  exhibited  a  complex  structure  in  the  nitrogen  matrix, 
with  subbands  at  3572,  3563,  and  3550  cm"!  (see  Figure  B.4). 
Similar  subbands  have  been  discussed  earlier  for  the  Infrared 
absorption  spectra  of  DMAG  and  were  assigned  to  a  hydroxyl 
group  stretching  mode.   The  splitting  in  the  nitrogen  matrix 
could  be  due  to  matrix  splitting  (see  section  on  Matrix- 
isolation  discussed  earlier)  or  to  the  simultaneous  presence 
of  tautomeric  forms  3  and  4  in  the  matrix  (see  Figure  17). 

The  splitting  of  the  symmetric  stretch  of  the  amino 
group  (3435  cm"!)  in  the  infrared  spetrum  of  9EG  isolated  in 
a  nitrogen  matrix  could  be  explained  by  the  stronger  solute 
matrix  interaction  in  nitrogen  matrices  (see  section  on 
matrix-isolation).   Modes  which  are  degenerate  in  an  argon 
matrix  are  known  to  split  in  a  nitrogen  matrix  (141,143,146- 
149).   Therefore,  the  bands  at  3436  and  3422   cm"!  are 
tentatively  asssigned  to  the  symmetric  stretch  of  the  amino 
group  in  the  amino-oxo  and  amino-hydroxy  tautomers  of  9EG , 
respectively.   A  similar  splitting  in  this  region  have  been 
reported  in  the  infrared  spectrum  of  cytosine  isolated  in  a 
nitrogen  matrix  (154)  and  attributed  to  the  same  matrix 
effect.   The  corresponding  asymmetric  stretches  of  the  amino 
group  in  0EG  are  then  responsible  for  the  broad  absorption 
seen  around  3532  cm""-'-. 

The  infrared  spectrum  of  G  isolated  in  an  argon  matrix 
shows  at  least  eight  absorption  bands  in  this  region,  most  of 
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them  with  complex  structure  or  subbbands .   The  absorption 
bands  in  the  3500-3480  cm"!  region  have  been  assigned  earlier 
to  the  symmetric  stretch  of  the  N(9)-H  group  with  possible 
contributions  from  the  N(7)-H  tautomeric  forms.   The  band  at 
3454  cm-^  is  assigned  to  the  N(l)-H  symmetric  stretch  in  good 
agreement  with  the  values  found  for  DMAG  (3447  cm"!)  and  9EG 
(3452  cm"^ ) . 

The  splitting  of  the  bands  in  the  3450-3420  cm'^  region 
is  similar  to  that  seen  in  the  Infrared  spectrum  of  9EG 
isolated  in  a  nitrogen  matrix  discussed  earlier.   The 
absorption  band  at  3437  cm^l  is  then  assigned  to  the 
symmetric  stretch  of  the  amino  group  in  the  amlno-oxo 
tautomers  of  G  and  that  at  3426  cm"!  to  the  same  vibrational 
mode  in  the  amino-hydroxy  tautomers  of  G  (see  Figure  18). 
The  corresponding  asymmetric  stretches  are  then  seen,  with 
the  usual  frequency  spacing  of  about  100  cm'^  at  3538  and 
3525  cm"  ,  respectively. 

The  band  at  3472  cm"l  could  arise  from  the  N(3)-H 
symmetric  stretch  of  tautomeric  forms  3  and  4  in  Figure  18. 
Similar  frequencies  have  been  reported  for  the  same 
vibrational  mode  in  matrix-isolation  studies  of  3-methyl- 
uracil  (20).   Another  possibility  is  that  it  arises  from  the 
N(7)-H  symmetric  stretch  of  tautomeric  forms  2,  4,  and/or  13 
(see  Figure  18).   The  lower  frequency  could  be  then  explained 
by  the  Interaction  of  the  hydrogen  atom  with  one  of  the  lone 
pairs  of  the  oxygen  atom. 
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The  complex  structure  of  the  absorption  bands  around 
3570  cnr^  in  both  argon  and  nitrogen  matrices  seems  to 
suggests  the  simultaneous  presence  of  more  than  one  hydroxy 
form  in  the  matrices.   These  bands  have  been  assigned  to  the 
0-H  symmetric  stretch  through  the  comparison  of  the  spectra 
of  G  to  those  of  DMAG,  9EG ,  and  pyrimidines  (24-26,154). 
The  1800-700  cm~^  Region 

The  interpretation  of  the  infrared  spectra  of  guanine 
and  its  derivatives  in  this  region  is  much  more  difficult 
than  that  of  the  region  previously  discussed.   The 
difficulties  arise  from  the  following: 

1.  The  lack  of  reliable  calculations  of  normal 
modes,  frequencies  and  intensities  for  all  the 
possible  tautomeric  forms  of  the  molecules 
under  study. 

2.  The  possibility  of  Fermi  resonance  between 
the  fundamentals  and  combination  vibrations. 

3.  The  superposition  and/or  splitting  of  the 
bands  due  to  the  presence  of  different 
tautomers  in  the  matrix. 

Recently,  calculations  of  normal  modes  were  performed 
for  guanine,  but  only  the  amino-oxo  tautomer  was  considered 
(152).   The  results  of  these  calculations  were  taken  into 
account  in  the  assignment  of  the  absorption  bands.   But  we 
are  aware  of  the  fact  that  substitution  of  hydrogen  by  methyl 
groups  or  the  probability  that  these  compounds  may  be  present 
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in  more  than  one  tautomeric  form  in  the  matrix,  migth 
influence  the  spectrum  obtained  in  this  region  very  strongly. 
Hence,  the  comparison  of  the  experimental  spectrum  with  the 
predicted  one  must  be  performed  very  cautiously. 

Ab_iJliti.o_  calculations  on  the  amino-oxo  tautomer  of  G 
predicted  a  strong  absorption  band  at  1773  cm"!  arising  from 
the  carbonyl  stretching  mode,  two  absorptions  from  the  amino 
scissoring  (1634  cm-1)  and  bending  (1610  cm^l)  modes,  and  a 
strong  band  arising  from  a  ring  stretching  vibration  at  1570 
cm    (152,153).   The  fixed  amino-oxo  derivative  of  G,  DMG  and 
7MG  exhibit  very  strong  bands  at  1708  and  1722  cm"^, 
respectively  (see  Figure  20).   A  5  cm"!  frequency  shift  was 
detected  for  both  compounds  when  isolated  in  a  nitrogen 
matrix  (see  Figures  C.l  and  C.2).   The  strong  absorption  band 
at  1745  cm-1  in  the  infrared  spectrum  of  9EG  isolated  in  an 
argon  matrix  shifted  to  1734  cm"!  when  nitrogen  was  used  as 
the  matrix  gas  (see  Figure  C.4).   These  bands  are  assigned  to 
the  stretching  mode  of  the  carbonyl  group.   Similar  bands 
have  been  observed  in  the  infrared  spectra  of  matrix-isolated 
uracils  (17,19-23),  cytosines  (25.26,154),  oxopyr imi dines 
(14),  and  ketones  (155,156);   and  have  been  assigned  to  the 
same  vibrational  mode  (C=0  stretch).   The  lower  frequency  for 
this  band  in  DMG  as  compared  to  7MG  and  9EG  could  be  a  result 
of  N(l)-methylation.   A  similar  effect  has  been  reported  in 
the  fixed  0X0  forms  4-oxo-3 , 6-dimethyl  and  4-oxo-l,6- 
dimethyl-pyrimidines  when  isolated  in  argon  matrices  (14). 
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Figure  20.      Infrared  Spectra  of  Guanine  and  Its  Derivatives  in 
the  1800-700  Wavenumber  Region. 
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Figure  20. — continued 
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In  contrast  the  infrared  spectra  of  G  and  DMAG  exhibited 
a  complex  structure  with  more  than  one  band  when  isolated  in 
both  matrices  (argon  and  nitrogen),  thus  ruling  out  multiple 
trapping  sites  as  the  cause  of  the  band  splitting.   The 
splitting  of  carbonyl  group  absorption  bands  as  well  as  those 
from  other  functional  groups  is  not  a  phenomenon  that  is  new 
to  infrared  spectroscopy  (143).   The  splitting  of  the 
carbonyl  band  in  those  compounds  where  rotational 
isomerizatlon  could  play  a  role  can  be  sensitive  to  the  phase 
(vapor,  solution,  or  solid)  as  well  as  to  aggregation  of  the 
solute  molecules  in  the  matrix  (141,146,155,156).   Fermi 
resonance  is  another  possible  explanation  of  this  phenomenon. 
The  absence  of  such  a  complex  band  structure  in  the  spectra 
of  7MG  and  DMG  points  to  the  presence  of  more  than  one 
tautomeric  form  as  the  most  probable  explanation  since  thi 
splitting  is  seen  only  (in  our  study)  in  those  compounds 
which  shown  the  capability  of  exhibiting  N(9)-H  and  N(7)-H 
tautomerism.   The  comparison  of  the  frequencies  of  these 
absorption  bands  in  G  and  with  those  of  7MG  and  9EG,  led  to 
the  assignment  of  the  low  frequency  band  (1733  cm"!  in  DMAG 
and  1736  cm"!  in  G)  to  the  carbonyl  stretching  vibration  of 
the  amlno-oxo  tautomeric  forms  of  these  compounds  with  the 
imidazole  hydrogen  attached  to  the  N(7)-atom  (1722  cm-^  in 
DMG),  while  the  high  frequency  band  (1744  cm"!  in  DMAG  and 
1748  cm-1  in  G)  is  assigned  to  the  same  vibrational  mode  of 
the  amlno-oxo  tautomers  with  the  hydrogen  attached  to  the 
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1  . 


as 


N(9)-atom  (1745  cm-^  in  9EG).   A  different  frequency  for  this 

absorption  has  been  reported  by  Mason  in  his  infrared  study 

of  N-hetero-aromatlc  hydroxy  (and/or  oxo)  compounds  (129). 

While  the  carbonyl  stretching  mode  of  6-oxo-7-methylpur ine 

appeared  at  1702  cm-1  in  chloroform  and  1697  cm-^  in  the 

solid  state,  the  same  vibrational  mode  comes  at  1711  and  1679 

cm-1,  respectively  for  the  same  states  in  6-oxo-9- 

methylpur ine . 
i 

The  strong  band  at  1654  cm"!  in  G  and  DMAG  and  1644  cm"! 

;         in  9EG  is  not  seen  in  the  infrared  spectra  of  matrix-isolated 

7MG  or  DMG  (see  Figure  20).   A  band  around  this  frequency  h 

been  assigned  to  the  NHg  scissoring  mode  in  adenine  and  9- 

I         methyladenine  isolated  in  argon  matrices  (27).   However,  the 

j         absence  of  an  absorption  near  this  frequency  in  the  infrared 

spectra  of  7MG  and  DMG  coupled  to  the  presence  of  a  strong 

band  at  1654  cm~l  in  the  spectrum  of  DMAG  (where  no 

absorption  from  the  amino  group  is  expected  because  of 

methylatlon)  contradicts  this  assignment.   Since  this  band  i 

seen  only  in  the  infrared  spectra  of  those  compounds  which 

have  demostrated  the  probability  of  existing  in  more  than  on 

tautomeric  form  in  the  matrix  (9EG,  DMAG,  and  G),  we  examined 

the  possibility  of  this  band  arising  from  amino-hydroxy 

tautomers.   Examination,  in  this  frequency  region,  of  the 

infrared  spectrum  of  matrix-isolated  isocytosine  (26),  which 

is  known  to  exist  mainly  as   its  amino-hydroxy  tautomer  in 

the  matrix,  showed  an  absence  of  strong  absorption  near  this 
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frequency.   A  band  at  1655  cm-l  has  been  reported  for 
cytosine  isolated  in  an  argon  matrix  (25,154),  which  exists 
as  a  mixture  of  of  its  amino-oxo  and  amino-hydroxy  tautomeric 
forms  under  these  experimental  conditions,  and  assigned  to  a 
C=C  stretching  mode.   The  absence  of  absorption  in  the 
spectra  of  7MG  and  DMG  led  to  the  tentative  assignment  of 
this  band  to  a  combination  of  C=C  double  bond  and  C-N 
vibrations  in  the  imidazole  ring  of  the  amino-hydroxy 
tautomers  of  G,  9EG ,  and  DMAG .   The  lower  frequency  of  this 
absorption  band  in  9EG  (1644  cm-1)  as  compared  to  1654  cm"! 
in  G  and  DMAG  could  then  be  explained  as  a  result  of  N(9)- 
methylation . 

The  infrared  spectra  of  DMG  and  7MG  exhibit  a  strong 
absorption  band  at  1612  cm"!  and  1628  cm-1,  respectively. 
This  band  shows  a  splitting  in  G  (1619  and  1628  cm-1)  and  9EG 
(1620  and  1624  cm~^).       No  absorption  was  detected  around  this 
frequency  with  a  similar  intensity  in  the  spectrum  of  matrix- 
isolated  DMAG.   The  absence  of  this  band  in  DMAG  coupled  to 
the  prediction  of  two  strong  bands  at  1634  and  1610  cm"!  for 
the  amino-oxo  monomer  of  G  (152),  led  us  to  the  assignment  of 
these  bands  as  arising  from  the  amino  group  scissoring  mode. 
The  reason  for  the  splitting  of  these  bands  in  the  infrared 
spectra  of  matr Ix- i sol ated  G  and  9EG  is  still  unclear.   A 
possible  explanation  is  that  it  is  due  to  the  simultaneous 
presence  of  both  the  amino-hydroxy  and  amino-oxo  tautomeric 


forms  of  these  two  compounds  in  the  matri 
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A  very  complex  structure  is  seen  in  the  1600-1580  cm~l 
region  of  the  infrared  spectra  of  G,  9EG,  and  DMAG  isolated 
in  argon  matrices  (see  Figure  20).   The  band  splitting  is 
seen  in  the  spectra  obtained  from  both  (argon  and  nitrogen) 
matrices  (thus  ruling  out  matrix  effects).   No  bands  are 
predicted  in  this  region,  with  such  strong  intensities,  for 
the  amino-oxo  monomer  of  G  (152).   The  absence  of  strong 
absorptions  in  the  infrared  spectra  of  the  fixed  oxo-form, 
DMG,  as  well  as  in  those  of  7MG ,  rules  out  the  possiblity  of 
these  bands  arising  from  ring  stretching  vibrations  of  the 
amino-oxo  tautomeric  forms  of  G,  9EG,  and  DMAG.   These  bands 
are  therefore  tentatively  assigned  to  ring  stretching  modes 
of  the  amino-hydroxy  tautomers  of  these  compounds. 

For  the  final  assignment  of  the  absorption  bands  in  the 
1580-700  region  cm"l  we  have  used  the  following  procedure: 

1.  The  comparison  of  the  spectra  of  guanine  to 
those  of  its  derivatives  has  proven  to  be  most 
useful  in  making  the  assignments.   It  allowed 
us  to  identify  the  regions  were  methyl  groups, 
as  well  as  0-H,  C-0,  and  some  other  vibrational 
modes  appeared. 

2.  We  have  tried  to  assigned  first  the  strongest 
bands  to  the  fundamental  vibrations  as 
predicted  by  ab  initio  calculations  on  guanine 
(152,153),  and/or  methyl  groups. 
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3.   The  medium  and  weaker  bands  close  to  strong 
fundamentals  were  often  assigned  to  arise  from 
Fermi  resonance  of  the  strong  bands  with  lower 
combination  bands,  unless  weak  or  medium 
Intensity  fundamentals  were  expected  In  that 
region . 

4.  Splitting  of  some  bands  Into  two  or  more 
components  were  attributed  In  some  cases  to 
matrix  effects. 

5.  Weak  bands  In  regions  in  which  we  did  not 
expect  any  fundamentals  were  assigned  to 
combination  bands. 

6.  Some  weak  bands  could  also  arise  from  the 
presence  in  the  matrix  of  non-identified 
impurities  even  though  a  high  sublimation 

process  was  performed  during  the  preparation  of 
the  matrix  samples  . 

7.  Out  of  plane  modes  were  assigned  on  the  basis 
of  preliminary  ab  initio  calculatinnR  for 
guanine  (152 , 152) . 

In  spite  of  all  of  these,  the  proposed  assignment  is 
very  uncertain.   It  may  change  drastically  when  more 
experimental  data  for  other  guanine  derivatives  are 
available.   It  may  also  change  when  calculations  for  the 
different  tautomeric  forms  of  these  molecules  are  performed. 
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Two  strong  bands  are  predicted  by  ab  initio 
calculations  for  the  amino-oxo  tautomer  of  G  at  1570  and  1523 
cm-   (152,153).   Both  were  assigned  to  ring  stretching  modes. 
A  strong   absorption  band  with  complex  structure  and  subband 
at  1570,  1560,  and  1554  cm-1,  and  a  medium  intensity  band  at 
1518  cm-1  were  seen  in  the  infrared  spectrum  of  matrix- 
isolated  DMG  (see  Figure  20).   These  ring  stretching 
vibrations  are  expected  to  be  coupled  with  methyl  group 
bending  modes.   Weaker  bands  are  seen  at  1570  and  1550  cm"! 
In  DMAG,  while  three  bands  (1562,  1536,  and  1521  cm"!)  were 
observed  In  the  spectrum  of  9EG  Isolated  in  an  argon  matrix. 
The  spectrum  of  matrix-isolated  G  also  exhibits  three 
absorption  bands  at  1570,  1547,  and  1534  cm"!.   They  have 
been  assigned  to  ring  stretching  vibrational  modes.  The 
Infrared  spectrum  of  DMG  exhibits  medium  intensity  bands  at 
1426,  1395,  and  1355  cm"!  and  a  strong  band  at  1414  cm"!. 
About  the  same  Intensity  pattern  is  observed  in  7MG  with 
bands  at  1427,  1413,  1380,  and  1355  cm"!.   The  1335  cm"!  band 
is  assigned  to  a  combination  of  ring  stretch  and  NHg  bending 
modes  and  the  others  to  ring  vibrations  with  large 
contributions  from  methyl  bending  modes. 

The  weak  absorption  bands  in  the  1500-1300  and  1200- 
1100  cm-1  regions  in  the  spectrum  of  DMAG  have  been  assigned 
to  ring  stretching  modes  coupled  to  0-H  bending  vibrations. 
The  infrared  spectra  of  matrix-isolated  9EG  and  G  exhibit 
much  more  complex  pattern  with  a  number  of  medium  and  weak 
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Intensity  absorption  bands  In  these  regions.   These  were 
generally  assigned  to  coupled  vibrations  of  0-H  and  methyl 
(for  9EG)  bending  modes  with  ring  stretching  vibrations.   The 
medium  intensity  bands  observed  In  the  1300-1150  cm~l  region 
in  the  spectra  of  DMG  and  7MG  exhibited  a  strong  contribution 
from  methyl  group  absorption.   The  band  at  1216  cm"l  in  DMG 
and  1220  in  7MG  are  tentatively  assigned  to  bending  modes  of 
methyl  groups  attached  to  the  imidazole  ring.   A  similar  band 
is  seen  at  about  the  same  frequency  in  the  spectrum  of  9EG 
and  attributed  to  the  same  vibrational  mode.   The  band  around 
1190  cm~l  is  observed  only  in  the  spectrum  of  DMG.   It  has 
been  tentatively  assigned  to  a  bending  mode  of  the  methyl 
group  attached  to  the  N(l)-atom.   A  similar  frequency  was 
reported  for  the  same  vibrational  mode  in  the  infrared 
spectra  of  methylated  uracils  (20).   The  absence  of 
appreciable  absorption  in  this  region  in  the  infrared 
spectrum  of  G  was  taken  as  further  proof  for  the  contribution 
of  methyl  group  absorption  in  this  frequency  region. 

The  spectrum  of  the  fixed  oxo-tautomer i c  form,  DMG,  as 
well  as  that  of  7MG ,  showed  a  medium  intensity  band  around 
'^80  cm"  .   Ab_initio  calculations  predicts  a  pyrimidine  ring 
bending  mode  (out  of  plane)  to  appear  at  796  cm"l  (152,153). 
Strikingly,  two  bands  appeared  in  the  infrared  spectra  of  G, 
9EG,  and  DMAG;   one  around  780  cm^l  and  another  at  790  cm"!. 
Since  the  higher  frequency  band  is  only  seen  in  the  infrared 
spectra  of  those  compounds  which  exhibited  the  possibility  of 


93 


existing  in  the  matrix  in  more  than  one  tautomeric  form;  we 
have  tentatively  assigned  these  bands  in  G,  9EG,  and  DMAG  to 
ring  bending  modes  of  their  amino-hydroxy  forms. 


CHAPTER  V 
CONCLUSIONS  AND  RECCOMENDATIONS 
The  results  presented  here  strongly  suggest  that 
monomerlc  molecules  of  guanine  (G),  9-ethylguanine  (9EG), 
and  2-N,N-dlinethylamlnoguanine  (DMAG)  are  present  in  the 
matrix  in  more  than  one  tautomeric  form  when  isolated  in 
inert  matrices  (argon  and  nitrogen).   Absorption  bands 
arising  from  O-H  (3580-3560  cm^l)  and  C=0  (1750-1730  cm-1) 
stretching  modes  were  identified  in  their  infrared  spectra 
and  taken  as  proof  of  the  simultaneous  presence  of  the  oxo 
and  hydroxy  tautomers  of  these  compounds  in  the  matrices. 
The  presence  of  absorption  bands  attributed  to  vibrational 
modes  of  the  amino  group  (3550-3520  cm"!  for  the  asymmetric 
stretch,  3440-3420  cm"!  for  the  symmetric  stretch,  and  1640- 
1610  cm""   for  the  scissoring  mode)  identified  the  amino 
tautomeric  forms  of  guanine  (G),  7-methylguanlne  (7MG),  9- 
ethylguanlne  (9EG),  and  1 , 7-dimethylguanine  (DMG).   In 
addition  the  splitting  of  the  bands  in  the  3500-3480  cm~^ 
frequency  region  was  attributed  to  the  simultaneous  presence 
of  the  N(9)-H  and  N(7)-H  tautomers  of  guanine  (G)  and  2-N,N- 
dimethylaminoguanine  (DMAG)  in  the  matrices. 
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The  observation  that  isolated  molecules  of  guanine  (G), 
9-ethylguanine  (9EG),  and  2-N , N-dimethylaminoguanine  (DMAG) 
exists  In  both  their  oxo  and  hydroxy  forms  cannot  be  extended 
directly  to  these  molecules  when  they  occur  in  nucleic  acids. 
However,  this  property  is  a  physico-chemical  characteristic 
of  these  compounds  and  it  can  manifest  itself  in  one  of  the 
numerous  stages  of  nucleic  acid  metabolism  in  a  living  cell. 
It  is  evident,  then,  that  during  transitions  to  its  hydroxy 
form,  the  complementary  pair  for  guanine  (G)  will  be  thymine 
(T)  or  uracil  (U)  rather  than  cytosine  (C)  (see  Figure  21). 
It  is  interesting  to  note,  in  this  connection,  that 
experimental  errors  in  codon-ant 1 codon  recognition  include 
only  situations  in  which  guanine  (G)  has  been  incorrectly 
bonded  to  uracil  (157).   Furthermore,  only  the  members  of  the 
G-C  complementary  pair  have  been  shown  to  exists  in  more  than 
one  tautomeric  form  in  inert  matrices  (24,29,154,  and  this 
work )  . 

The  effect  of  substituents  on  the  oxo-hydroxy  tautomeric 
equilibria  Is  clearly  established  from  the  comparison  of  the 
tautomeric  forms  observed  in  the  infrared  spectra  of  7- 
methylguanine  (7MG)  isolated  in  inert  matrices  to  those 
exhibited  by  9-ethylguanine  (9EG).   While  only  the  amino-oxo 
tautomeric  form  was  detected  for  7-methylguanlne  (7MG),  both 
the  amino-oxo  and  amino-hydroxy  forms  were  seen  in  the 
infrared  spectra  of  9~ethylguanlne  (9EG)  isolated  in  inert 
matrices  (see  Table  VIII).   These  experimental  results  have 
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'Correct"  G-C  Pair 


-\ 


o_^...o 


4 

"Incorrect"  G*-U  Pair 


Figure  21.   "Correct"  G-C  Pair  and 
"Incorrect"  G*-U  Pair. 
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been  interpreted  in  this  work  as  proof  of  the  importance  of 
the  N(7) -position  in  stabilizing  hydroxy  forms  through 
intramolecular  hydrogen-bonding  (as  depicted  in  form  4  for  9- 
ethylguanine  in  Figure  17). 

The  spectrum  of  associated  species  in  the  disordered 
solid  state  (solids  deposited  at  10  K  and  no  annealing) 
differ  significanly  from  the  spectra  obtained  from  the 
crystalline  (KBr)  solids.   The  most  dramatic  changes  are 
observed  in  the  N-H  stretching  (3600-1800  cm'^)  and  in-plane 
N-H  bending  and  C=0  stretching  (1700-1500  cm"^)  regions. 
This  may  implied  that  the  strength  of  the  interaction  and 
probably  the  type  of  hydrogen-bonding  may  be  different  in  the 
associated  species  in  the  disordered  solid  that  in  the 
crystalline  (KBr)  solid.   Similar  results  have  been  reported 
for  1-methyluracil  (21). It  is  clear  that  the  matrix-isolation 
technique  is  of  considerable  utility  for  the  examining  the 
vibrational  spectra  of  monomerlc  (or  matrix-isolated)  nucleic 
acid  bases.   The  vibrational  spectra  obtained  from  matrix- 
isolated  samples  are  very  similar  to  those  obtained  from 
studies  performed  in  the  vapor  phase  (14,16).   This 
observation  supports  other  studies  (14,15,17-29,154-156)  and 
should  be  of  practical  use  inasmuch  as  the  matrix- i solati on 
method  may  be  applied  to  studies  of  compounds  that  are 
unstable  at  the  higher  temperatures  required  for  vapor  phase 
studies . 


99 
The  present  results  were  found  to  be  consistent  with 
those  obtained  from  theoretical  calculations  on  the  amino-oxo 
monomer  of  guanine  (152,153).   Of  course,  consistency  means 
the  same  assignment  for  the  principal  bands,  and  it  is 
natural  that  some  discrepancies  may  occur  since  theoretical 
calculations  are  not  accurate  either.   Even  the  best 
calculations  on  guanine  at  the  ab  initio  level  (152),  differ 
from  the  experimental  data  and  only  a  careful  and  systematic 
scaling  leads  to  a  better  reproduction  of  the  experimental 
spectrum.   The  presence  of  more  than  one  tautomeric  form  in 
the  matrices  coupled  to  the  lack  of  reliable  theoretical 
calculations  for  other  tautomeric  forms  as  well  as  for 
guanine  derivatives  makes  the  proposed  assigned  uncertain. 
It  may  change  drastically  when  more  experimental  data  for 
other  guanine  derivatives  (especially  a  fixed  amino-hydroxy 
derivative)  as  well  as  for  isotopically  substituted  (with 
D,018,  N15)  molecules  are  available. 
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Figure  B.l.   Infrared  Spectra  of  1,7-dimethylguanine  Isolated  in: 
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Figure  B.2.  Infrared  Spectra  of  7 -methyl guanine  Isolated  in: 
(a)  Argon  and  (b)  Nitrogen  Matrices. 
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Figure  B.3.  Infrared  Spectra  of  2-N,N-dimethylaminoguanine 

Isolated  in:  (a)  Argon  and  (b)  Nitrogen  Matrices. 
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Figiire  B.4.  Infrared  Spectra  of  9-ethylguanine  Isolated  in: 
(a)  Argon  and  (b)  Nitrogen  Matrices. 
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Figure  B.5.  Infrared  Spectra  of  Guanine  Isolated  in:  (a)  Argon 
and  (b)  Nitrogen  Matrices. 
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Infrared  Spectra  of  1, 7-dimethylguanine  Isolated  in; 
(a)  Argon  and  (b)  Nitrogen  Matrices. 
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Figure  C.l. — continued 
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Figure  C.I.— continued 
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Figure  C.l. — continued 
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Figure   C.2.   Infrared  Spectra  of  7-methylguanine  Isolated  in: 
(a)  Argon  and  (b)  Nitrogen  Matrices. 
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Figure  C.4.  Infrared  Spectra  of  9-ethylguanine  Isolated  in: 
(a)  Argon  and  (b)  Nitrogen  Matrices. 
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Figure  C.5.  Infrared  Spectra  of  Guanine  Isolated  in:   (a)  Arson 
and  (b)  Nitrogen  Matrices. 
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